Mesoporous thin-film materials studied by optical waveguide spectroscopy by Peic, Antun
Mesoporous Thin-film Materials  
Studied by Optical Waveguide Spectroscopy 
Antun Peić
A thesis submitted for the degree of Doctor of Philosophy 
University of Bath 
Department of Chemistry 
November 2009 
COPYRIGHT 
Attention is drawn to the fact that copyright of this thesis rests with its author.
This copy of the thesis has been supplied on condition that anyone who 
consults it is understood to recognize that its copyright rests with its author 
and that no quotation from the thesis and no information derived from it may 
be published without the prior written consent of the author. 
This thesis may be made available for consultation within the University 
Library and may be photocopied or lent to other libraries for the purposes of 
consultation. 
___________________ 
Antun Peić
 i
ABSTRACT  
A method was developed to access the interior of light-guiding structures in order to exploit 
the enhanced sensing potential of the highly confined electromagnetic field distributions, 
located within the core of a waveguide. 
The work presented in this thesis explores therefore the possibilities of optical waveguide 
spectroscopy utilising transparent mesoporous thin-film waveguides deposited on top of a
thin gold layer. These multi-layer assemblies are employed in a prism-coupling attenuated 
total internal reflection (ATR) configuration. The angular read-out of the reflected light 
intensity allows label-free detection schemes with high sensitivity to changes of the 
dielectric environment in the case of the presence of analyte molecules within the probing 
region. 
This optical waveguide spectroscopy technique has been used to study the real-time
diffusion of Ruthenium 535-bisTBA (N-719) dye into mesoporous nanocrystalline titanium
dioxide films. The porous films were prepared on top of gold substrates and prism coupling 
was used to create a guided wave in the nanocrystalline film. Dying was carried out by 
bring the film into contact with a 3 x 10-4 moldm-3 dye solution and using optical 
waveguide spectroscopy to monitor the change in both the refractive index and the
extinction coefficient of the nanoporous layer as dye diffused into the porous network. Dye
uptake in a 1.27 μm film was slow with the refractive index of the film still increasing after 
22 hours.  
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1 Introduction 
1.1 Introduction 
The accessible functionality of any material is determined by the interplay of its elementary 
constituents. Functional materials often consist of fairly complex systems, thus new 
properties appear that are not observed for each individual component separately. While 
it is commonly known that subatomic particles like, e.g. electrons and nuclei, form atoms 
(sub-ångstrom scale), which again form molecules (ångstrom scale) which may be arranged 
into polymers (early nanometre scale), this is just a little insight into the potential of 
assemblies or of large multifunctional objects (e.g. copolymers of complex architecture). 
Whereas nature virtuously handles the full range of “materials” on the length scale from 
femtometres (a unit of measure for subatomic particles; a proton has a diameter of about 
1.6 to 1.7 femtometres) to parsecs (a unit of measure for interstellar space that is equal 
to 3.26 light-years), mankind is somewhat limited to the length scale between subatomic 
particles and the size of our planet (equatorial radius 6,378.1 km). Even though the 
accessible range to mankind is drastically reduced, only a little fraction thereof is available 
to us for manipulation. Within this limited range, again, a particularly interesting length 
scale exists; thinking of the nanoscopic organisation of matter. Using at this point the 
example of life as the most impressive and complex feature of organised matter, it appears 
that nature strictly restricts the size of any life form (in the deﬁnition of life as we know it) 
to a minimum size within nanoscopic to microscopic dimension. It is exactly this particular 
length scale, which seems to bear so much importance that is so promising and just being 
explored. 
Due to rapid progress in various scientiﬁc and technological disciplines new methods and 
materials become accessible and new phenomena are being exploited and may help to 
advance our state of knowledge, regarding fundamental insights in nature’s “construction 
plan”. Besides the fundamental aspects, inherent to the pursuit for higher states of 
knowledge, as scientists we have also always been interested in designing practical 
applications of scientiﬁc advances in the form of devices and technological methodologies. 
However, scientiﬁc progress generally comes about as a result of symbiotic interplay 
of several advances in various (sub)disciplines. Therefore, many ongoing studies are 
focusing on copious approaches to control and characterise matter on an atomic and 
molecular scale, whereas this exploration of the nanometre regime is intuitively associated 
with the phenomenon of visible light (λ = 400 − 700nm), and its properties as the tool 
for investigation. As a consequence, a whole new scientiﬁc ﬁeld of nano-photonics or 
nano-optics arouse, with the aim to study the behaviour of light or the interaction of light 
with particles or substances at sub-wavelength length scales. Within this advancing area, 
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again, the main focus of research is on nano-optical and nano-photonic systems where 
optical excitation of a device leads to useful processes such as light-energy conversion in 
the form of electricity in solar cells, photochromic and photoelectrochromic systems for 
digital display, smart windows that on one hand can control the amount of light passing 
through and also assist indirectly in cost-saving measures, and of course optical sensors 
for the detection of trace quantities of chemicals, just to mention a few. 
Due to extensive research on the sub-nanometre level, more precisely in molecular 
electronics, it was revealed how photons are used as power to make a system work and 
as input/output signals to be processed. In nature, vision is based on a light-induced 
chemical reaction87,93, and in the process of photosynthesis light harvesting takes place 
by migration of the excitation energy within molecular arrays.29,66 This photosystem 
successfully provides all life directly or indirectly with energy19, however, it is just one 
example of how nature applies the precise spatial assembly of a functional molecular 
machine for its needs. 
In artiﬁcial systems, on the other hand, controlled manipulation of photons has been 
achieved by molecules, and used to transmit (molecular wires15), harvest (antenna 
systems12,34,26,24,36), store (photochromic systems32), disclose (ﬂuorescent sensors73), 
and process (switching 91 and logic72,80,64elaboration) information. In most cases, however, 
the experiments have been performed on bulk systems. Until now little attention has been 
devoted to the development of nano-structured photonic technology, implicating also the 
molecular level. One reason is that the wavelength of light in the IR, visible, and even UV 
spectral regions is by far greater than the molecular dimensions of interest, so that spatially 
selective detection or excitation of a speciﬁc molecule in a supramolecular arrangement is 
prevented. Traditional microscopy makes use of diﬀractive elements to focus light tightly 
in order to increase resolution. But because of the diﬀraction limit (also known as the 
Rayleigh Criterion), propagating light may be focused to a spot with a minimum diameter 
of roughly half the wavelength of the light. Thus, even with diﬀraction-limited confocal 
microscopy, the maximum resolution obtainable is on the order of a couple of hundred 
nanometres. The scientiﬁc and industrial communities are becoming more interested in 
the characterisation of materials and phenomena on the scale of a few nanometres, so 
alternative techniques must be utilised. Such technologies in the realm of nano-optics 
today include near-ﬁeld scanning optical microscopy (NSOM), photoassisted scanning 
tunnelling microscopy, surface plasmon optics, and optical waveguide spectroscopy. 
Devices for guiding electromagnetic radiations on a scale below the diﬀraction limit are 
also needed for future design of molecular-level optical circuits. Progress in near-ﬁeld 
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optical techniques33,27,65,94,56 and electromagnetic energy transport in metal nanoparticle 
plasmon waveguides47 might open this possibility. It should also be noted that energy 
transfer from a donor to an acceptor can occur along a molecular wire “waveguide” without 
any problem.71 
However, the design of these new nano-optical devices requires ability to organise matter 
(e.g. molecules and inorganic nano building blocks) on a nanometric scale, with ﬁne 
control on their arrangement: distribution, mobility, spectral and redox properties. 
Even though scientists have successfully adopted the mechanism of photosynthesis from 
nature and implemented the principles of that photon-to-current conversion mechanism in 
the promising development of the dye sensitised solar cell (DSSC), materials science is not 
yet as far advanced to eﬃciently utilise the evolutionary developments present everywhere 
in nature. This approach of photon harvesting, the working principle of a DSSC, does not 
involve a charge-recombination process between electrons and holes because electrons are 
only injected from the photo-sensitiser molecules into the semiconductor electrode and a 
hole is not formed in the valence band of the semiconductor, as in classical photovoltaics. 
In addition, charge transport takes place in the semiconductor ﬁlm, which is separated 
from the photon absorption site (i.e. the photo-sensitiser); thus, eﬀective charge separation 
is expected. The approach of sensitising a suitable material is similar to the mechanism 
for photosynthesis in nature, in which chlorophyll functions as the photo-sensitiser and 
charge transport occurs in the membrane. 
The key to successful exploitation of nature’s knowledge, in order to harvest energy 
at maximum eﬃciency might be found in nanocomposite thin ﬁlms which comprise at 
least two phases. The general characteristics of nanocomposite materials as a host 
material with another material homogeneously embedded in it, with one (or both) of these 
materials having a characteristic length scale of 1–100nm. With this new advances also new 
techniques are needed to support rapid development with precise and reliable information 
about manufacturing, operating and quality control of the ﬁnal device. Nano-optics can 
operate below the diﬀraction limit, thus oﬀer suitable (sensing) methods for this task. 
Nanocomposite thin ﬁlms also represent a new class of materials which exhibit special 
mechanical86,61,85, electronic51,57 magnetic52 and optical properties due to their size-
dependent phenomena3,11. Nowadays increasing interest is attracted by nanocomposite 
ﬁlms due to the endless possibilities of synthesising these materials of unique properties. 
Whereas the properties of two- and multiphase thin ﬁlms often signiﬁcantly exceed what 
is expected by the rule of mixture. 
A particular interesting class of nanocomposite materials, again, is represented by meso­
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porous materials, especially in the form of thin and ultra-thin ﬁlms. Thus mesoporous 
materials in general, and mesoporous oxides in particular, are good host material for 
label-free optical (bio-)chemical sensing applications because their nano-optical readout 
properties (e.g. photo-luminescence, reﬂectance) are highly sensitive to the presence of 
chemical and biological species inside the pores78. Starting from Si-based approaches, 
nowadays a broad variety of mesoporous metal oxides is synthetically available. Especially 
mesoporous titanium oxide, a form of titanium oxide with unique properties, distinct from 
those of crystalline, micro-crystalline, or amorphous titanium oxide, has gained great 
attention as promising nano-structured electrode in DSSCs. The optical properties of such 
composite materials comprise an interesting ﬁeld of study per se, since their properties 
may diﬀer signiﬁcantly from those of the individual constituents (i.e. titanium dioxide and 
void-ﬁlling material). Due to this fact it is conceivable that materials may be designed with 
properties meeting a set of desirable conditions. A key advantage of such an approach 
is that the target species is conﬁned to a three-dimensional region with dimensions on 
the same scale as the target itself, which, again, fulﬁlls the prerequisite for an eﬀective 
medium approach. It has been shown that porous metal oxides can be used as a base 
material for passive or active optical devices like Bragg reﬂectors, Fabry–Perrot cavities18, 
Bragg mirrors74, rugate ﬁlters17, planar waveguides35 and micro-cavities13,59,58 have 
been experimentally demonstrated for the detection of toxins75, DNA 13, and proteins58,18. 
Because of its porous nature, the refractive index of such porous structures is lower than 
that of bulk material (if the void-ﬁlling material has a lower refractive index than the 
matrix). The capture of biological or chemical molecules inside the pore volume changes 
the composite refractive index of the porous oxide structures, thus causing a shift in the 
light coupling condition (e.g. surface plasmon resonance or waveguide modes) thus change 
the reﬂectance spectra when nano-optical methods are used. The composite refractive 
index of a porous layer is, again, related to its porosity by the Bruggeman eﬀective medium 
model82. On this basis the principles of optical waveguide spectroscopy can be applied to 
monitor dye-sensitisation of a mesoporous DSSC electrode ﬁlm in-situ. This new concept 
was developed by the author in the frame of this thesis and is presented in the following 
chapters. 
In this chapter, an overview is given on preparatory work done on theoretical consider­
ations regarding the design of a mesoporous thin ﬁlm for waveguide sensor application. 
Furthermore, the general beneﬁts behind the idea of a mesoporous waveguide structure, 
applied as optical sensor, will be demonstrated. 
First the general sensing probabilities of bulk optical slab waveguides are elucidated before 
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being compared with porous waveguide ﬁlms. Also the analysis of the ﬁeld conﬁnement of 
the applied guided light and accordingly obtained reﬂectivity spectra is explained in detail, 
with emphasis on the characteristic read-out features which are used for characterisation 
of the mesoporous thin-ﬁlms as well as the features drawn on for sensing purposes. 
1.2 Optical Waveguide Sensor 
In general, (integrated) nano-optical sensors often make use of guided optical waves (i.e. 
EM ﬁeld modes), in particular of the orthogonally polarised TM and TE modes in thin-ﬁlm 
planar waveguides with high refractive index. Inherent to all ’direct’ waveguide sensors is 
the principle of sensing their environment at the transducer surface through the change 
of refractive index of adjacent media (more precisely to say, the optical changes within the 
volume of their penetration depth into the surrounding medium via evanescent ﬁeld(s) 
of their resonance feature(s)). This principle of ’direct’ signal transduction eliminates the 
need for any kind of labelling (e.g. ﬂuorescence) and therefore does not require any kind of 
cumbersome pretreatment of the specimen, contrary to ’indirect’ methods. Thus analogy 
between optical waveguide (OWG) sensors and surface plasmon resonance (SPR) sensors 
appears obvious, as both applie guided waves (wave-guided modes being guided by total 
internal reﬂection (TIR) within in the waveguiding ﬁlm and the surface plasmons being 
guided by the metal/dielectric interface) that cause evanescent waves to penetrate into 
the cover medium. Therefore, such sensors may be summarised by their utilised sensor 
eﬀect as evanescent ﬁeld sensors, which are, in general, basically exhibiting the qualities 
of a diﬀerential refractometer, which is measuring the refractive index of the surrounding 
medium as shown in ﬁgure 1.1(a). 
Figure 1.1: Schematic illustration of the basic sensor eﬀect of evanescent ﬁeld sensor. According 
to molecular transport (be it diﬀusion or convection) into the evanescent ﬁeld of the guided wave a 
change in refractive index will cause a transformation into directly measurable physical qualities, e.g. 
into reﬂected light intensity. The left scheme (a) illustrates a change in refractive index of the cover 
medium Δncover, whereas the right scheme (b) depicts the formation of an adlayer of a thickness 
dadlayer and a refractive index nadlayer due to adsorption of molecules on the sensor surface. 
If, however, the adsorption of molecules at the surface results in the formation of an adlayer 
on top of the surface (referring to ﬁgure 1.1(b)), the optical waveguide sensor shows to 
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advantage, as it allows for the coherent excitation of both, transverse magnetic (TM ) and 
transverse electric (TE) modes and therefore the read-out of more information is possible, 
whereas the SPR sensor only supports the readout of either dadlayer or nadlayer, since only 
one mode (referred to as surface plasmon, SP) is applied for sensing. More precisely, as a 
consequence of applying two diﬀerent polarisation states, multiple modes are available 
for sensing, thus it is possible to determine both the adlayer thickness and the refractive 
index of the adsorbed or bound species55,43,42, while analogous measurements with SPR 
sensors are limited, depending on whether the value for the refractive index or the adlayer 
thickness, respectively, is assumed. 
The EM ﬁeld is highly sensitive to refractive index changes within its evanescent tail. 
Nevertheless, the EM ﬁeld distribution within the optical transducer (and consequently 
also its evanescent fraction(s)) is also highly dependent on the chosen materials. In 
other words, the EM ﬁeld geometry may be adjusted for a given application to a high 
degree by the choice of the optimum material combination. In the very basic form such 
an evanescent optical sensor is represented by a planar multi-layer assembly with the 
possibility to exchange the cover medium, as well as the substrate in order to manipulate 
the EM ﬁeld distributions of a given transducer (metal or waveguide layer), and accordingly 
the evanescent tail which is used for sensing in this ’direct’ perturbation concept. 
Figure 1.2: Shows schematically the analogous transverse EM ﬁeld distribution Hy(z) for (a) the 
SPR and (b) the planar OWG within the multi layer structure. 
Typically optical sensing devices are made of inorganic materials in order to assure 
robustness and stability for both the device in general and the optical transduction 
mechanism, in particular. In fact, the most frequently applied material groups are 
represented by metals and their oxides, though recently also partly organic and all-organic 
designs were demonstrated to suit special applications. Especially attempts for optoﬂuidic 
devices are focusing on this concepts where ﬂuidic replacement or modiﬁcation leads to 
reconﬁgurable optical systems62. 
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Whatever materials are chosen to assemble the device, in the case of a plane waveguide 
structure it is essential for a good sensor performance that the materials assembly forms an 
asymmetric refractive index proﬁle around the waveguiding layer, rather than a symmetric 
geometry76,68 . The reason for this is given by the light-focusing property of matter in 
regions with high refractive index, which act as lens-like media 84. This principle also leads 
to a historically important rule of waveguide optics, namely, the rule of refractive index, 
which postulates that a light wave tends to propagate in the region where the refractive 
index is the largest, or, the wave velocity is the slowest84 . As a consequence of this, 
the maximum intensity of the ﬁeld distribution is allocated throughout the multi-layer 
system following the refractive index proﬁle. For evanescent optical sensing application 
this ﬁeld conﬁnement is designed to predominantly direct towards the cover medium77 , 
thus increasing the sample volume which is penetrated by the evanescent ﬁeld, and 
consequently increasing the amount of potentially probed analyte. 
For the detection and characterisation of thin adlayer ﬁlms, however, it is not favourable to 
extend the evanescent ﬁeld as far as possible into the sample solution. On the contrary, it 
is desired to minimise the disturbing eﬀect of refractive index changes of the bulk solution 
volume Δncover, caused by, for example, temperature or concentration ﬂuctuations. For 
optimised evanescent ﬁeld sensors, this parasitic eﬀect is 2-3 times smaller in optical 
waveguide systems as compared to the SPR based sensor 44, because the penetration depth 
of the guided optical modes is smaller by this factor than those of the surface-bound SPs. 
Therefore, it is crucial to tailor the penetration depth of the evanescent ﬁeld, or rather 
to adjust the EM ﬁeld distribution of the guided modes in order to achieve maximised 
sensitivity for a variety of diﬀerent sensing schemes. From an optical point of view, several 
approaches can be used to develop an evanescent ﬁeld sensing scheme. Figure 1.3 depicts 
the classical high-sensitivity optical sensing mechanisms, while 1.3(a) allowes for the 
real-time monitoring of adsorbing (or desorbing) molecules at the waveguide surface, 
whereas the eﬀect in 1.3(b) is basically the application of the optical waveguide (OWG) 
sensor as refractometer. This basic planar waveguide conﬁguration was introduced for the 
ﬁrst time for sensing purposes by Tiefenthaler and Lukosz 83 who applied it as a humidity 
and gas sensor by detecting a change in the refractive index (RI) of the cover medium. 
The sensing eﬀects depicted in ﬁgure 1.4, on the other hand, represent the sensing 
principles applied in chemically selective (bio)chemical evanescent ﬁeld sensors. More 
precisely, the sensing scheme illustrated in 1.4(a) is used as aﬃnity sensor. Such 
(bio)chemical sensors have to be chemically speciﬁc or highly selective in order to precisely 
detect and quantify the presence of target analyte. 
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Figure 1.3: Schematic illustration of the classical high sensitivity sensor eﬀects. (a) Sensing 
mechanism for refractive index changes of the bulk sample volume (measured variable is ncover). 
(b) Sensing of the formation of an adlayer caused by unspeciﬁc molecular adsorption to the surface 
(measured variables are nadlayer and dadlayer). The EM ﬁeld distribution is shown schematically for 
the case of OWG sensing, whereas for SPR sensors exclusively the evanescent tail above the metal 
surface is present. 
Aﬃnity sensors are characterised by a chemoresponsive coating consisting of immobilised 
(e.g. antigen) molecules which attrackt and ﬁnally bind the corresponding (e.g. antibody) 
molecules. 
Also the scheme depicted in 1.4(b) is used for aﬃnity sensors, but, however, applies a 
3D-matrix as chemoresponsive layer of typical thickness in the range of 0.1 − 2µm. The 
receptor molecules for this technique are immobilised at the inside of the 3D-matrix in order 
to accumulate analyte molecules within a spatially restricted volume. The target analyte 
then diﬀuses into the porous coating, such as a hydrogel, and binds to the receptors. This 
process leads to a potentially signiﬁcant increase in RI of the porous adlayer. However, 
since in most cases the porous matrix is thicker than the penetration depth of the 
evanescent ﬁeld, the sensor eﬀect does not take into account the analyte distributed within 
the sensing matrix which is out of reach for the evanescent ﬁeld. Therefore, in recent 
approaches this sensing scheme for evanescent ﬁeld sensors is optimised by subsequent 
collapsing of the hydrogel ﬁlm (e.g. ΔT ) after saturation with analyte was reached25. As a 
consequence of matrix-volume shrinkage a thinner layer (amount shrinkage depends on 
the type of hydrogel but approximate factors of 10 can easily be achieved) with signiﬁcantly 
higher refractive index is formed. 
The above-described sensing mechanisms are applicable for both SPR and OWG sensors. 
The SPR system is restricted to metallic surfaces (e.g. Ag, Au, Al) and according surface 
chemistry, whereas the OWG systems only requires a high refractive index material (relative 
to its surrounding) and, therefore allowes for rich variety of surface functionalisation. 
SPR and OWG sensors, applying sensor eﬀects as illustrated in ﬁgures 1.3 and 1.4 are 
considered to be state-of-the-art label-free technologies for bio-molecular interaction 
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Figure 1.4: Schematic illustration of sensor eﬀects applied in (bio)chemical sensors. (a) Aﬃnity 
sensing of speciﬁc molecular binding to a previously formed (bio)chemically selective target layer 
and the according formation of a double layer (measured variables are nadlayer1, dadlayer1, nadlayer2, 
and dadlayer2). (b) Sensing of molecular binding to a 3D-binding matrix above the waveguide layer 
(measured variables are nmatrix, dmatrix, Δnmatrix, and Δdmatrix). The EM ﬁeld distribution is 
shown schematically for the case of OWG sensing, whereas for SPR sensors exclusively the evanescent 
tail above the metal surface is present. 
studies28. Nevertheless, the detection of very small analyte or analyte with very small RI 
contrast still remains a challenge to SPR sensors, which are restricted to limited surface 
area, and therefore only allow a ﬁnite number of molecules to make up the sensing signal. 
For OWG sensors, however, the predominant fraction of the EM ﬁeld distribution to 
potentially contribute to the sensor eﬀect, is guided within the high refractive index layer. 
In order to exploit a greater fraction of this EM ﬁeld for sensing purposes, the waveguiding 
layer has to be made accessible for analyte molecules. For this purpose, microporous 
slab waveguide ﬁlms have been produced by a variety of diﬀerent techniques, for example 
1D-microporosities (as shown in 1.5(a)) have been introduced by electrochemical etching 
or ion beam drilling, whereas approaches for achieving 3D-microporosity (as shown in 
1.5(a)) include sputtering techniques, sol-gel synthesis, pulsed laser deposition etc.. The 
main characteristic of these microporous ﬁlms is the large internal surface area within 
the volume of the high RI ﬁlm. The general sensing mechanism in optical systems in 
combination with these microporous structures is mainly the RI change, Δnwaveguide, 
of the waveguiding ﬁlm introduced by gas adsorption and/or capillary condensation. 
Consequently, a range of properties such as photo-luminescence7, impedance changes6 , 
capacitance 2,1 interference of reﬂected light 54, and intensity modulation of guided modes 4 
are altered when molecules are adsorbed. These parameters can be utilised and measured, 
hence accordingly be related to interfacial reactions. Alternative approaches made use of 
slab waveguides with micro-pores fabricated of composite material, which react with the 
gaseous species and thereby alter the light propagation proportionally due to interactions 
at these speciﬁc centres within the waveguide 21,20 . 
19 
1 Introduction 
Figure 1.5: Schematic illustration of sensor eﬀects based on sorption of small (gas) molecules in 
microporous slab waveguide ﬁlms. The scheme in (a) depicts the application of 1D-micropores for 
sensing of small (gas) molecules and the eventual formation of an adlayer (measured variables 
are Δnwaveguide, dadlayer, and nadlayer). (b) Sensing of small (gas) molecules by adsorption into a 
3D-microporous waveguide matrix (measured variables are Δnwaveguide, dadlayer, and nadlayer). The 
EM ﬁeld distribution is shown schematically for the case of OWG sensing. 
1.3 Materials for Mesoporous Waveguides 
In recent years, mesoporous materials have been extensively studied with the aim to 
understand and control their inherent properties like the large internal surface area, 
their functional properties, and the high hydrothermal stability, and make these features 
accessible for potential applications5,9,14,16,38,48,88,89,31,30,81,70,90,63 . A classiﬁcation of 
nanoporous materials according to their properties or technical characteristics is given in 
table 1.1 
Polymeric Glass Oxide Metal 
Pore Size Meso-macro Meso-macro Micro-meso Meso-macro 
Surface Area Low Low Medium Low 
Porosity >0.6 0.3-0.6 0.3-0.6 0.1-0.7 
Permeability Low High Medium High 
Refractive index Low Medium High Low (Complex) 
Strength Medium Strong Medium Strong 
Thermal Stability Low Good Medium High 
Chemical Stability Low High Very High High 
Cost Low High Medium Medium 
Lifetime Short Long Long Long 
Table 1.1: Classiﬁcation of nanoporous materials41 
Among the available nanoporous materials mainly metal oxides, and particularly titania 
(TiO2) stimulated immense research activity, as it is a material with numerous of al­
most unique properties (see table 1.1) desirable for a whole range of applications (e.g. 
photocatalysis, self-cleaning surfaces, solar cells, catalysis, doping, biomedics, ceramics 
etc.). 
The application of titania in waveguide optical application evolved mainly due to its good 
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optical properties (highly transparent in the visible range λ > 410nm, high refractive index 
ntitania(anatase) = 2.1775) and its ability to form various stable mesoporous structures 
(e.g. sol-gel, block copolymer templated, anodised). 
1.3.1 Mesoporous sensing matrix 
While microporous materials are generally restricted to the adsorption of small molecules, 
the pore size of mesoporous ﬁlms allowes for waveguides that can be adjusted to accom­
modate (bio-)molecules in the size range of approximately 1 − 100nm. Porous materials 
are classiﬁed into several kinds by their size. The deﬁnition of pore size according to the 
International Union of Pure and Applied Chemistry (IUPAC) is that microporous materials 
have pore diameters of less than 2nm and macroporous materials have pore diameters 
of greater than 50nm; the pore size for mesoporous media, by deﬁnition, lies typically 
between 2 and 50nm, This deinition is somewhat in conﬂict with the deﬁnition of nanoscale 
objects. The term nanoporous will therefore only be used within this thesis to relate to 
porous materials, typically having large porosities (> 0.4), and pore diameters between 
1 − 100nm. 
As a consequence of the very large internal surface area of porous waveguide materials, 
those sensors which incorporate nanoporous materials accomplish higher sensitivities due 
to an increased interaction with the guided EM ﬁelds, compared to aforementioned surface-
sensitive examples where various surface interactions and/or coatings are used. Certainly, 
the theoretical sensitivity can be enhanced by the application of porous waveguides, 
however, various factors aﬀecting adsorption have to be considered, in particular regarding 
speciﬁc surface area and pore diameter as well as external inﬂuences from ambient water 
(relative humidity (RH)) and temperature. In a ﬁrst approach, considering the range of all 
sub-groups of nanoporous materials, the molecular adsorption capacity in a microporous 
material proportionally depends on the adsorbent surface area. But, since micropores (by 
deﬁnition) do not extend a pore diameter of 2nm, the molecular size of adsorbing species 
has to be much smaller to achieve quick diﬀusion inside the pore volume, in order to avoid 
size exclusion eﬀects but rather to reach the adsorption sites and ﬁnally the maximum 
adsorption capacity of the pore volume. 
Another important factor (besides the pore diameter) to be taken into account for the 
optimum design of a nanoporous waveguide sensor is the inﬂuence of the molecular 
architecture of the analyte (i.e. size and volume and functional groups present in the 
molecules, e.g. amine, alcohol, acid halogen etc.). Molecules may therefore introduce 
certain degrees of polarisation, causing interference with the sensing mechanism. It 
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is known that adsorption parameters are signiﬁcantly inﬂuenced by the quantitative 
structure property relation (QSPR) 8,79,60. A mixture of diﬀerent molecules, again, results 
in an adsorption competition between the molecules, and therefore reduces the overall 
adsorption capacity compared to the pure analyte. The situation is comparable to the 
presence of ambient water (RH) which is also competing for adsorption sites with the 
adsorbate. In other words this is to say, a high humidity level has in most cases parasitic 
eﬀects on the sensor eﬀect. 
Bearing in mind the above listed qualities, a reasonably universally applicable nanoporous 
waveguide sensor should posses large pores (meso-scale 2 − 50nm) and oﬀer large pore 
volume and large internal surface area. Nevertheless, it has to be composed of a material 
with high refractive index (at the utilised wavelength of interrogating light) in order to 
successfully conﬁne light into guided modes, all this despite the great fraction of pore 
volume which decrease the average refractive index according to the (lower) refractive index 
of the void-ﬁlling material. 
Microporous materials, as listed above, are widely-used in many technological processes 
(e.g. puriﬁcation, chromatography) that involve a liquid/solid interface. The eﬃciency of 
these processes is mainly determined by the utilised materials (i.e. surface chemistry) and 
structural properties (i.e. pore size, pore size distribution, spatial organisation), whereas 
the pore size and the surface chemistry predominantly aﬀect the overall accessibility of 
the pore space and thermodynamic parameters (i.e. adsorption energy and aﬃnity), while 
the pore size distribution and the spatial arrangement of the pores (i.e. interconnectivity, 
tortuousity, and their geometrical shape) have pronounced impact on the kinetics of 
adsorption processes. 
For the purpose of designing a versatile porous waveguide sensor it also has to be accounted 
for the applicability in diﬀerent surrounding media, especially in liquids, be they aqueous or 
of other nature. While adsorption from gaseous phase is relatively straightforward, in this 
case of liquid/solid interfaces adsorption phenomena become generally more complex 67 . 
The problem of competing adsorption processes was already mentioned, however, in 
the case of aqueous solutions, the circumstances are extremely complicated, since the 
reactivity of water depends on the pH and according formation of various concentrations 
of its inherent constituents (H2O, H+, and OH−). In the (common) case of the additional 
present of an electrolyte already six components are present in the solution that actively 
inﬂuence the adsorption process. 
Also the formation of a surface charge due to the reactivity of water molecules with 
many surfaces, its conditions and progression as a function of pH, ionic strength and 
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temperature remain a challenge since these properties have not been studied for porous 
materials to such an extend as for the case of bulk ﬁlms45 . 
The variability (and complexity) of analyte molecules, involved in adsorption processes 
at liquid/solid interfaces has indeed also to be considered. Therefore, in order to allow 
application on a broad range of analyte, from simple organic molecules (in particular 
interesting in chromatographic applications) to large and multi functional (macro)molecules, 
good knowledge of the surface chemistry of the porous material is crucial to understand 
its adsorption behaviour. 
Particularly interesting is the utilisation of the mesoporous OWG sensing concept as a 
nano-optical tool for in-situ characterisation in the emerging ﬁeld of DSSCs, in order to 
fully understand the processes intrinsic to energy conversion on the (sub-)nano-scale. 
1.4 Mesoporous Waveguide Sensor Analysis 
In the following the general optical properties of thin ﬁlm materials with relevance for 
application in DSSCs, i.e. transparent porotrode (mesoporous electrode) will be discussed, 
which are inhomogeneous on the nanometre scale. Particular emphasis will be given 
to the speciﬁc optical behaviour of these mesoporous (non-metallic) structures, which 
is controlled by pore shape, pore size, and the pore distribution. When the refractive 
indices, or alternatively, the dielectric functions of the constituent materials are given, 
the inﬂuence of these spatial parameters on the optical properties may be understood in 
terms of the Eﬀective Medium Theory (EMT). More precisely, in this present work, the EMT 
approach introduced by Bruggeman is applied, which provides a quantitative description 
to the optical behaviour of such systems, no matter whether the pore/matter arrangement 
is preferably one-, two-, or three-dimensional or of any order in particular. This approach 
is well-qualiﬁed for the presented case of mesoporous titania ﬁlms as long as one phase is 
that of spherical shape and dispersed at a ratio of nearly 1 : 1 in the other medium. As 
practical examples, in later sections, mesoporous titania ﬁlms in diﬀerent environments 
will be discussed. 
The pore diameter of mesoporous titania ﬁlms is much smaller than the wavelength of 
light used for the experiments in this presented thesis (λHeNe = 632.8nm). Therefore, 
the porous thin-ﬁlm waveguides can be treated as an eﬀective medium whose refractive 
index is a weighted average of the refractive index of the matrix material (titania in its 
anatase phase) and the refractive index of the material inside the pores at the time. When 
molecules are bound inside the pores, the resulting composite refractive index of the 
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mesoporous waveguide increases and correspondingly changes the optical properties of 
the waveguide. In order to achieve the largest sensing response for a given concentration of 
target material, the pores should be large enough to permit inﬁltration, but small enough 
to ensure a large refractive index change when air or water in the pores is partially replaced 
by the target material. 
In this work, the performance of the mesoporous titanium dioxide waveguide sensor is 
demonstrated with the focus on adsorption studies, relevant for eﬃcient DSSC production, 
operation and in-situ investigation of those processes. 
1.4.1 Effective Medium Theory 
Concerning the refractive index of a mesoporous ﬁlm, as it is a monotonic function of 
density, it is naturally to assume that the optical constants of the mixture represent some 
kind of superposition of the optical constants of their constituents. Assuming further 
that each component occupies a certain volume fraction of the material, and this volume 
fraction Vj determines the ﬁlling factor pj of the material via: 
pj ≡ Vj (1.1)
V 
where V is the volume occupied by the whole mixture. It becomes obvious that 
pj = 1 (1.2) 
j 
Consequently, the resulting dielectric response of the composite material depends on 
its composition, i.e. the volume fractions or ﬁlling factor of the individual constituents, 
besides their inherent material characteristics. Mesoporous nanocrystalline titanium 
oxide is therefore a form of titanium oxide with unique properties, distinct from those of 
crystalline, micro-crystalline, or amorphous titanium oxide. Its properties result from the 
composition of the two composites it consists of, namely titanium oxide nanocrystals and 
voids. Each constituent is present in the whole in spatial dimensions large enough that it 
may be described by its bulk optical properties. At the same time the typical structure 
dimensions and spacings are much smaller than an optical wavelength applied to the 
ﬁlm, so that the composite may be described as a bulk ﬁlm by eﬀective optical parameters 
which are related to the constituent parameters. 
Even if these ﬁlms appear macroscopically homogeneous, it is well known that the UV/Vis 
optical properties of thin ﬁlms are signiﬁcantly aﬀected by inhomogeneities on the micro­
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structure, such as disordered regions, grain boundaries and voids. The macroscopic 
dielectric response of a heterogeneous thin ﬁlm is therefore connected in an intimate way 
with the compositional and micro-structural parameters that determine its other physical 
properties. Therefore, the quantitative description of the macroscopic dielectric function ε 
of a heterogeneous material in terms of its composition and meso-structure can be given 
by combining the known individual dielectric responses of the constituents in an eﬀective 
medium model, which in eﬀect deﬁnes a uniform, prototypical composite structure with a 
dielectric response that is, on average, equivalent to ε. The principal idea is illustrated in 
ﬁgure 1.6. 
Figure 1.6: Illustration of the heterogeneous two-component structure of a mesoporous waveguide 
material (left), and the corresponding eﬀective medium model (right), which in eﬀect deﬁnes a uniform, 
prototypical composite structure with a dielectric response that is given by combining the known 
individual dielectric responses of the constituents. Given that the dimensions of the pore structure 
d � λ, the EMT model eﬀectively describes the optical parameters of porous materials equivalent to 
as they are seen by the probing light. 
Eﬀective-medium theory (EMT) has been a tool for the evaluation of the optical properties 
of composite media for a long time. The main objective is the characterisation of properties 
of composite systems from the known macroscopic variables of its constituents (i.e. bulk 
material dielectric constants, domain morphology and volume fractions). 
The simplest approach for application in the optical regime, dating back to 1904, was 
derived by Maxwell-Garnett50,49 and is a replication of the Clausius-Mossotti formula. In 
the 1930s the more recent Bruggeman theory was developed10. The validity of the diﬀerent 
approaches to predict the optical properties of composite materials has been discussed 
frequently. Reviews concerning the subject and its elaboration can be found, for instance, 
in 92 and 23,22. 
1.4.2 Two-component medium 
For a two-component medium the EMT approach is derived following the Lorentz-Lorenz 
equation (also known as the Clausius–Mossotti relation and Maxwell’s formula), which 
relates the refractive index of a substance to its polarisability. 
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ε − 1 = 43 
π
nα (1.3)
ε + 2 
The simplest assumption to estimate the eﬀective dielectric function ε of a heterogeneous 
two-component medium is one in which the points of a given medium are randomly 
assigned to diﬀerent polarisabilities αa and αb. 
ε − 1 = 4π (naαa + nbαb) (1.4)
ε + 2 3 
This expression, however, involves micro-structural parameters which can not be directly 
measured by means of optical methodology. If, on the other hand, the individual dielectric 
functions εa and εb of phase a and b, respectively, are known in their pure forms are 
available, then equation 1.3 can be used to rewrite equation 1.4 as 
ε − 1 = fa εa − 1 + fb εb − 1 (1.5)
ε + 2 εa + 2 εb + 2

na,b
where fa,b = na+nb are the volume fractions of the phases a and b. This is the Lorentz-
Lorenz eﬀective medium expression40,39. 
1.4.3 The Maxwell-Garnett Theory 
According to Maxwell-Garnett theory it is assumed that inclusion of particles in dielectric 
medium are randomly dispersed. Taking the particles to be spherical in shape and the 
inclusion radius much smaller than the typical spacing between inclusions which in turn 
is much smaller than an optical wave length. The dielectric constant of the composites is 
determined. 
The Clausius-Mossotti equation can be modiﬁed to describe spherical nanoparticles that 
are in a host matrix, supposing that the separate phases a and b are not mixed on an 
atomic scale but rather consist of regions large enough to possess their own dielectric 
identity. Then the assumption of vacuum (ε = 1) as the host medium in which to embed 
points is not good. Supposing that the host dielectric function is εh, then equation 1.5 
becomes 
ε − εh εa − εh εb − εh (1.6)
ε + 2εh 
= fa 
εa + 2εh 
+ fb 
εb + 2εh 
Speciﬁcally, if b represents the dilute phase then εh = εa, in which case 
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ε − εa = fb εb − εa (1.7)
ε + 2εa εb + 2εa 
Equation 1.6 and the alternative equation obtained with εh = εb are the Maxwell-Garnett 
eﬀective medium expressions49. 
Maxwell Garnett theory can be generalised for non-spherical geometry also by generalising 
the equation by a screening factor s. 
ε − εa = fb εb − εa (1.8)
ε + sεa εb + sεa 
This new parameter s depends on the shape of the particles and their orientation to the 
electric ﬁeld. The screening factor s is related to the depolarisation factor of Lorentz by the 
following relation : 
s = 1 − q (1.9)
q 
Figure 1.7: Illustration of the range for values of q and s as a function of the geometrical shape of the 
constituents. 
If ellipsoidal particles are considered, with major and minor axes measuring a and b 
respectively, with the incident electric ﬁeld parallel to the minor axis, the relationship that 
interlinks q and the geometric parameters a and b of the particles is as follows (see ﬁgure 
1.7 above) 
1 
q = 1 + 
b 
2 (1.10) 
a b 
1.4.4 The Bruggeman theory 
This theory treats the constituent symmetrically. The model assumes that grains of two or 
more materials are randomly interspersed. To analyse such a composite a single grain 
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is considered within the whole. This grain will be surrounded by grains of each type 
of constituent material including its own type. It is also assumed that the grain will 
be surrounded by a material of uniform dielectric constant given by that of the eﬀective 
medium. Just as in the case of the Maxwell-Garnett equation, Bruggeman’s equation 
can be applied to quasi-static condition (very small particles) of nanoparticles in a matrix. 
In addition to this, the density of particles present in the matrix is so high that the 
phenomena of percolation needs to be taken into consideration. In these conditions (ﬁgure 
1.8): fa ∼ fb and fb = 1 − fa. 
Figure 1.8: Nanocomposite used in approximation of Maxwell-Garnett with fa � fb (left) and the 
approximation of Bruggeman with fa � fb (right). 
In cases where fa and fb are comparable, it may not be clear whether a or b is the host 
medium. One alternative is simply to make the self-consistent choice εh = ε, in which 
case equation 1.6 reduces to 
0 = fa 
εa − ε + fb εb − ε (1.11)
εa + 2ε εb + 2ε 
This equation is known as the Bruggeman expression, commonly called the Bruggeman 
eﬀective medium approximation (EMA). Although they are related, equation 1.8 actually 
describes a coated-sphere microstructure where a is completely surrounded by b while 
equation 1.11 refers to the aggregate or random-mixture microstructure where a and b are 
inserted into the eﬀective medium itself (compare sketches in ﬁgure 1.8). 
The salient feature of this model is, that it presents a successful description of a system 
even when the volume fraction of one constituent increases to a point at which the grains 
begin to join and form continuous threads throughout the composite. For the material 
this causes changes in properties like conductivity etc. that may change signiﬁcantly due 
to this percolation. 
All here presented EMA types are used for the description of porous thin ﬁlms. In this 
work, however, only the Bruggeman EMA is used for the investigations of porous thin 
titania ﬁlms, it is derived as 
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0 = fmatrix 
εmatrix − εeff + fpore εpore − εeff (1.12)
εmatrix + 2εeff εpore + 2εeff 
The Bruggeman eﬀective medium model shows that the eﬀective medium refractive index 
increases as the porosity decreases, as long as the voids are ﬁlled with a medium with a 
lower refractive index than the nanocrystalline TiO2 matrix. This concept will be applied 
to all OWS experiments in the following chapters. 
1.5 Mesoporous Waveguide Configuration 
The development of optical mesoporous titania waveguides has been very challanging due 
to many diﬃculties in producing suitable transparent, homogeneous metal oxide thin-ﬁlms. 
Also the scattering losses and reduction of average refractive index accompanied with 
introduced mesoporosity have been hindering optical thin-ﬁlm applications. 
However, various attempts have been made to produce mesoporous metal oxide waveguides, 
using diﬀerent conﬁgurations. For a long time attempts to integrate porous metal oxide 
have been limited to conﬁgurations where the waveguide core material had a higher 
refractive index than the porous metal oxide cladding46, thus resulting in optical sensing 
schemes comparable to the ones depicted in ﬁgure 1.5(a). Only recently development was 
reported on the for application of mesoporous oxide ﬁlms with higher refractive index 
than the supporting substrate. For example, mesoporous metal oxide semiconductor-clad 
waveguides have been reported53, where a mesoporous layer of titania has been formed 
on top of glass slide. Another example was reported63 wherein an ultra thin-ﬁlm of 
mesoporous metal oxides (WO3 and SnO2) was prepared on a tin-diﬀused glass slides. 
Actually, the latter reported structure was not a waveguide but a conventional attenuated 
total reﬂection (ATR) element because of the microscopy glass, which was used as the core 
of the ’waveguide’ is too thick (d = 2mm) to result in a standing wave along the substrate 
normal and a transverse travelling wave in the direction parallel to the substrate. 
However, these and similar approaches have successfully applied a porous metal oxide 
matrix to the sensing scheme, but, nevertheless, only shifted a comparably small portion 
of the EM ﬁeld towards the analyte within the voids of the oxide materials, as shown in 
ﬁgure 1.9. 
The mesoporous titania waveguide system developed in the framework of this thesis, 
however, has a feature within the multilayer structure, allowing for great conﬁnement of 
the EM ﬁelds of the guided modes within the porous structure. A thin metal layer (50nm) 
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Figure 1.9: EM ﬁeld calculations for the reported examples of mesoporous waveguide sensing 
schemes from literature are presented in this overview. The sketch in (a) shows the angular 
reﬂectivity spectrum for just the glass slide (nBK7 = 1.51513) in air as cover medium (nC = 1.00027) 
without any mesoporous adlayer for reference. (b) and (c) show the corresponding spectra for the 
two reported systems, consulted for this exempliﬁcation. (b) shows the angular reﬂectivity scan of a 
mesoporous titania layer (nmeso−TiO2 = 1.8, dmeso−TiO2 = 270nm) deposited on a BK7 glass slide, 
(c) illustrates the thin-ﬁlm mesoporous SnO2 waveguide (nmeso−SnO2 = 1.64, dmeso−SnO2 = 41.2nm), 
formed on a tin-diﬀused glass slide. The spatial distributions of the electric ﬁeld intensities in z-
direction for each example at operational conditions at the coupling angle of 45° are depicted in (d), 
(e), and (f). 
was evaporated on the glass slide before the mesoporous titania ﬁlm was formed. This 
metal layer was the key to achieve this high conﬁnement within the mesoporous waveguide 
(refer to ﬁgure 1.10). 
Figure 1.10: (a) shows the Fresnel simulation for angular dependent reﬂectivity (in air nair = 1.000) 
of a thin mesoporous titania ﬁlm (nmeso−TiO2 = 1.4968, dmeso−TiO2 = 270nm) deposited on a thin 
gold layer (nAu = 0.312, kAu = 3.823, dAu = 48nm) on top of a glass slide (nBK7 = 1.51513). When 
the mesoporous oxide layer is inﬁltrated with water, the composite refractive index is increased 
and the spectrum of the monomodal waveguide shifts to higher angles. The spatial electric ﬁeld 
distribution in z-direction under initial conditions with air-ﬁlled pores is schematically illustrate for 
the present TM1 mode (b) and the TE0 mode (c). 
The conﬁguration of this sensor is thus similar to the conventional dielectric waveguide 
sensor but with an extra layer of metal introduced between the substrate and the waveguide 
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ﬁlm. This architecture can also be compared to the structure of a SPR sensor. The 
diﬀerence between those two structures is simply that a waveguide ﬁlm is added on top of 
the metal-coating. 
If the ﬁlm thickness of the waveguide is suﬃciently increased, multiple nonradiative modes 
(i.e. guided optical waves) can be observed. The excitation of these modes of diﬀerent order 
m can be seen if the reﬂected intensity is recorded as a function of the angle of incidence: 
narrow dips in the reﬂectivity curve above the critical angle indicate the existence of the 
various guided waves (shown in ﬁgure 1.11(a)). Each observable mode characterises an 
individual ﬁeld proﬁle (see ﬁgure 1.11(b) and (c)) which, again, can be utilised for sensing 
purposes by interaction with the analyte. For a mesoporous titania ﬁlm with a thickness 
of ≈ 1.4µm, several waveguide modes can be excited at visible wavelengths, therefore it is 
referred to as multimode waveguide (refer to ﬁgure 1.11(a)). Analysis of multiple modes 
can give rich information on the anisotropy or structural properties of the ﬁlm. The optical 
coupling depends on the dimensions and refractive indices of the diﬀerent parts of the 
waveguiding system. This makes multimodal optical waveguide highly suitable for sensing 
purposes. 
Figure 1.11: (a) Illustration of angular dependent reﬂectivity (in air nair = 1.000) of a mesoporous 
titania ﬁlm (nmeso−TiO2 = 1.4968, dmeso−TiO2 ≈ 1.4µm) deposited on a thin gold layer (nAu = 0.312, 
kAu = 3.823, dAu = 48nm) on top of a glass slide (nBK7 = 1.51513). The spatial electric ﬁeld 
distributions in z-direction with air-ﬁlled pores are schematically illustrate for the all present TE 
modes (b) and in (c) for the TM modes, respectively. 
If, for example, small molecules like sensitiser dyes adsorb on top or within the pore 
network of the mesoporous oxide ﬁlm, this can lead to large change in the optical coupling 
conditions. Further analysis of the coupling conditions (angle of incidence, and per 
cent reﬂected light intensity) gives quantitative and structural information about the 
adsorbed species. The propagation in the waveguide is restricted only to light with speciﬁc 
momentum and energy. 
Further it has to be considered, that exposure to another environment with diﬀerent 
refractive index also has a profound impact on the sensing signal: When the pore volume 
is inﬁltrated by a given medium the composite refractive index is accordingly shifted. 
Commonly aqueous solutions are applied for target analyte delivery to the sensing unit 
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(dyeing bath), therefore the identical mesoporous waveguide system as shown in ﬁgure 
1.11 is simulated again for the case of water being the pore ﬁlling medium, instead of air. 
Figure 1.12 depicts the situation after the environment is switched. 
Figure 1.12: (a) When the mesoporous oxide layer is inﬁltrated with water (nwater = 1.333), the 
composite refractive index is increased and the spectrum of the multimodal waveguide shifts to higher 
angles. (compare with 1.11) (b) The spatial electric ﬁeld distribution in z-direction with water-ﬁlled 
pores is schematically illustrate for the present TE4 mode. 
As demonstrated above in ﬁgure 1.12, a substantial shift in the angular position of the mode 
spectrum is occurred after water entered the pores. The TE4-mode experienced an angular 
shift of 30.21◦, from 47.45◦ to77.66◦, and remains the only observable mode coupling angle 
after the shift due to water inﬁltration. In order to allow for multiple resonant mode angles 
to be observed in the available angular range, the sensor conﬁguration had to be modiﬁed, 
and BK7 glass was no longer used as substrate, but high refractive index LaSF9 glass 
instead. This increased the refractive index of the glass support by Δn ≈ 0.33 and made 
(at the same ﬁlm thickness and refractive index) a whole range of guided optical modes 
accessible for sensing eﬀects. The angular reﬂectivity spectrum available for operation in 
air and associated spatial ﬁeld distributions of the conﬁned guided modes are presented 
in ﬁgure 1.13. 
Figure 1.13: Illustration of angular dependent reﬂectivity (in air nair = 1.000) of a mesoporous 
titania ﬁlm (nmeso−TiO2 = 1.4968, dmeso−TiO2 ≈ 1.4µm) deposited on a thin gold layer (nAu = 0.312, 
kAu = 3.823, dAu = 48nm) on top of a glass slide (nBK7 = 1.51513). The spatial ﬁeld distributions 
in z-direction with air-ﬁlled pores are schematically illustrate for the all present TE modes (b) and in 
(c) for the TM modes, respectively. 
With this optimised conﬁguration on high refractive index supports, multiple modes 
became available also in aqueous environments, as the spectrum in ﬁgure 1.12 clearly 
indicates. 
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Figure 1.14: Illustration of angular dependent reﬂectivity (in water nwater = 1.333) of a mesoporous 
titania ﬁlm (nmeso−TiO2 = 1.4968, dmeso−TiO2 ≈ 1.4µm) deposited on a thin gold layer (nAu = 0.312, 
kAu = 3.823, dAu = 48nm) on top of a glass slide (nBK7 = 1.51513). The spatial ﬁeld distributions 
in z-direction with air-ﬁlled pores are schematically illustrate for the all present TE modes (b) and in 
(c) for the TM modes, respectively. 
Conceptually, such metal supported or plasmon coupled OWG sensors have already been 
presented68,37,69 but so far, no general (thorough theoretical) study of this type of OWG 
sensor has been presented in literature. Moreover, literature reporting a sensing scheme 
which utilises mesoporous oxide layers as slab waveguide on top of the metal layer was 
not found till date. 
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Introduction 
In this chapter all the fundamental concepts needed for the complete comprehension of the 
presented thesis are outlined. A major part of this work is concerned with the excitation 
of surface waves and their interaction with the dielectric media they are associated 
with. Therefore, the mathematical description of electromagnetic (EM) waves and their 
interaction with an interface is introduced. Accordingly optical phenomena at interfaces will 
be presented in detail. Then, the case of one of the two media forming the interface being 
a metal is presented. Two diﬀerent ways of exciting plasmons, namely prism and grating 
coupling, are addressed. Accordingly, optical waveguides will then be introduced and a 
detailed presentation of spatially conﬁned, guided modes and their inherent properties is 
given. Next, the transfer-matrix method will be introduced, which is able to describe the 
optical transmission and reﬂection behaviour of a multi-layer system. This section will 
ﬁnally also discuss a method that allows to take continuous refractive index proﬁles in 
multi-layer systems to be taken into account. 
Material properties, and the geometry of the media in general, inﬂuence the propagation of 
light through diﬀerent materials. Mathematically, the description is based on the Maxwell 
equations, which form the basis of classical electrodynamics. Bearing in mind that optical 
phenomena such as the excitation of evanescent optical waves take place at the interfaces 
between two media, the most important processes at such an interface, i.e. refraction, 
reﬂection and transmission, are addressed. 
2.1 General consideration 
For the purpose of fundamentally understanding the optical behaviour of thin-ﬁlms and 
thin-ﬁlm systems in general, it is mandatory to become familiar with the optical constants 
of materials, their origins, magnitudes and their dependence on the way such ﬁlms are 
produced, processed, and ﬁnally assembled. Therefore, the purpose of this section is to 
provide a brief survey of this topic. 
The unifying concept that describes all optical properties in general is the interaction 
of EM radiation with (the electrons of) materials. On this basis, optical properties of all 
materials are interpretable from the electronic structure and how it is aﬀected by atomic 
structure, bonding, impurities, and defects. For an exact description, quantum mechanical 
approaches are required, but this is well beyond the scope intended in this introductory 
chapter. Discussions will stress meanings and implications, allowing an understanding of 
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the optical behaviour of nano-structured materials like the titania thin-ﬁlms presented in 
this thesis, rather than mathematical rigour. 
In contrast to propagation in free space, where the velocity of all EM radiation is constantly 
the same (c ≈ 3 108ms−1), EM waves that travel in matter undergo refraction. Refraction · 
is the change in direction due to a change in velocity, caused by the presence of charge. 
Therefore, optical properties of given materials are to a large degree encoded in what is 
called the index of refraction, often referred to as refractive index (RI) n. Where n in general 
is deﬁned as the ratio of the phase velocity, c, of a plane harmonic EM wave of a speciﬁc 
frequency in empty space to the phase velocity, vp, in a given medium: 
n =	 c (2.1)
vp 
On the micro scale, an EM wave’s phase velocity is slowed down while travelling within 
a material because its electric ﬁeld creates a disturbance in the charges of each atom 
- primarily through interaction with the circumjacent electrons - proportional to the 
permittivity of the material. The charges will, in general, oscillate slightly out of phase 
with respect to the driving electric ﬁeld. The charges thus radiate their own EM wave 
that is at the same frequency but with a phase delay. The macroscopic sum of all such 
contributions in the material is a wave with the same frequency but shorter wavelength 
than the original, leading to a slowing of the wave’s phase velocity. Most of the radiation 
from oscillating material charges will modify the incoming wave, changing its velocity. 
However, some net energy will be radiated in other directions, resulting in scattered light. 
2.1.1 Interaction of EM waves and matter 
A full description of the properties of electric and magnetic ﬁelds and their relation to 
charge density and current density is given by Maxwell’s equations, a set of four partial 
diﬀerential equations connecting the electric displacement ﬁeld D (also called the electric 
ﬂux density), the magnetic ﬂux density B (also called the magnetic induction or the 
magnetic ﬁeld), the electrical ﬁeld strength E, and the magnetic ﬁeld strength H (also 
called the auxiliary ﬁeld). Nowadays the Maxwell’s equations are most often written in 
vector notation: 
� · D(r, t) = ρ(r, t)	 (2.2) 
� · B(r, t) = 0	 (2.3) 
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(2.4)−�× E(r, t) = ∂B(r, t) 
∂t 
�× H(r, t) = ∂D(r, t) + j(r, t) (2.5)
∂t 
Symbols in bold represent vector quantities, whereas symbols in italics represent scalar 
quantities, where E is the electrical ﬁeld vector, B the magnetic ﬁeld vector, j the current 
density vector, ϱ the charge density, and ε0 = 8.854 10−12F/m the permittivity of vacuum, · 
and with r denoting the position vector, t the time. 
Individually, these equations are known as Gauss’s law (eq. 2.2), Gauss’ law for magnetism 
(absence of magnetic monopoles) (eq. 2.3), Faraday’s law of induction (eq. 2.4), and 
Ampère’s Circuital law with Maxwell’s correction (eq. 2.13). The force exerted upon 
a charged particle by the electric ﬁeld and magnetic ﬁeld is given by the Lorentz force 
equation: 
F = ρq(E + v × B) (2.6) 
where ρq is the charge on the particle and v is the particle velocity. The four Maxwell 
equations, together with the Lorentz force law are the complete set of laws of classical 
electromagnetism. 
The index of refraction is closely linked to the electronic structure, more precisely to 
the material’s relative permittivity ε via a simple relation which can be derived from 
the Maxwell equations. Therefore, assuming materials with linear polarisation and 
magnetisation responses in respect to the external ﬁelds, both the electric as well as the 
magnetic quantities are interconnected via the material equations (2.7) and (2.8) and with 
consideration of Ohm’s law (eq.2.9), and can be expressed as: 
D(r, t) = ε0E(r, t) + P(r, t) = ε0ε(ω)E(r, t) = ε(ω)E(r, t) (2.7) 
B(r, t) = µ0H(r, t) + M(r, t) = µ0µ(ω)H(r, t) = µ(ω)H(r, t) (2.8) 
j(r, t) = σE(r, t) (2.9) 
where ε0 is the electric permittivity of free space, µ0 is the magnetic permeability of free 
space, ω is the angular frequency, ε(ω) is the material’s electric permeability, µ(ω) is the 
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magnetic permeability, and σ is the speciﬁc electric conductivity. 
As it fulﬁls the requirements for solving the problems discussed within the frame of this 
thesis, in the following, only homogeneous, isotropic (ε(ω) = constant, µ(ω) = constant), 
and non-magnetic materials will be considered, which allows equation 2.8 to be simpliﬁed 
as µ(ω) = µ0 and σ = 0. Consequently ε(ω) and µ(ω) are reduced to scalar quantities, 
while they are rank two tensors in the general treatment. However, they still remain 
complex functions of the angular frequency ω of the exciting EM ﬁeld. Under these 
circumstances Maxwell’s equations become: 
�× H(r, t) = ε∂E(r, t) + σE(r, t) (2.10)
∂t 
∂H(r, t) (2.11)−�× H(r, t) = µ 
∂t 
ε(ω)� · E(r, t) = ρ (2.12) 
µ(ω)� · H(r, t) = 0 (2.13) 
and can be solved by electric plane waves 
E(r, t) = E0e i(k·r−ω·t) (2.14) 
with r denoting the position vector, t the time, E0 the electric ﬁeld amplitude and k the 
wave vector. Due to the transverse nature of light, E0 is always orthogonal to the direction 
of propagation, which is along k. Alternatively, a magnetic plane wave of analogous design 
can be used to fully describe the solution since both ﬁelds are linked in this case to each 
other by purely algebraic relations: 
H(r, t) = 
ωµ0
c
µ(ω)k × E(r, t) (2.15) 
E(r, t) = 
ωε0
c
ε(ω)k × H(r, t) (2.16) 
k and ω are not independent of each other but rather satisfy the photonic dispersion 
relation: 
ω2 1 
| k |2 = µ0µ(ω)ε0ε(ω) (2.17) 
With the assumption of nonmagnetic media (µ(ω) = 1) from now on and with the identity 
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1 
c 2 = (2.18)
µ0ε0 
the magnitude of k can be expressed in a way that is more convenient for the following 
considerations: 
| k |= ω µ0ε0ε(ω) =| k |= ω
c 
ε(ω) (2.19) 
2.1.2 Optical properties of conductors and insulators 
As introduced in equation 2.1 the refractive index governs the macroscopic response of a 
material to an external EM ﬁeld. This value, however, is in most cases complex, taking 
into account intrinsic loss-pathways. Also it usually is deﬁned as a complicated function 
of frequency ω, since it is a superimposed description of dispersion phenomena occurring 
at multiple frequencies. Accordingly, the dielectric function ε(ω) must have poles only 
for frequencies with positive imaginary parts, and therefore satisﬁes the Kramers–Kronig 
relations. However, in the narrow frequency range that is studied in the framework of 
this thesis, the permittivity can be approximated as frequency-independent or by model 
functions. At a given frequency, the imaginary part of the complex dielectric function, 
ε˜(ω) = ε�(ω) + iε��(ω), leads to absorption loss if it is positive and gain if it is negative. In 
Figure 2.1 a schematic overview is given of the dielectric permittivity spectrum over a wide 
range of frequencies. 
Figure 2.1: A dielectric schematic permittivity spectrum over a wide range of frequencies. ε� and 
ε�� denote the real and the imaginary part of the permittivity, respectively. Various processes are 
labelled on the image: ionic and dipolar relaxation, and atomic and electronic resonances at higher 
energies. 
More generally, in the case of solids, the complex dielectric function is intimately connected 
to band structure. The primary quantity that characterises the electronic structure of any 
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crystalline material is the probability of photon absorption, which is directly related to the 
imaginary part of the complex optical dielectric function ε˜(ω). 
Alternatively, the optical properties of materials can be characterised by the complex 
refractive index n˜(ω) = n(ω) + iκ(ω), with the real part n being the (ordinary) refractive 
index and the imaginary part κ being the extinction coeﬃcient. This description is 
equivalent to the usage of the dielectric function of the material and both properties are 
converted into each other via the following equations1: 
(n − ik)2 = ε� + iε�� = ε˜ (2.20) 
ε� = n 2 − κ2 (2.21) 
ε�� = 2nκ (2.22) 
It is therefore important to have an understanding of the complex optical properties, 
encoded in ε˜ for materials employed in this thesis. Two general categories of material need 
to be distinguished: (1) conductors (e.g. silver, gold) and (2) dielectrics/insulators (e.g. 
water, glasses, oxides, (conductive) polymers, proteins). In the latter the electrons are 
strongly localised at the atomic sites. Only substantial electric ﬁelds will create electron 
mobility. Therefore, insulators typically show a small positive value for ε� and an almost 
vanishingly small value for ε�� in the visible and infrared spectral range. 
Figure 2.2: EM radiation is classiﬁed according to the frequency (or wavelength) of the light wave. This 
includes (in order of increasing frequency): natural EM waves, radio waves, microwaves, terahertz 
radiation, infrared (IR) radiation, visible light (Vis), ultraviolet (UV) radiation, X-rays and gamma 
rays. A small window of frequencies, called the visible spectrum or light, is sensed by the eye of 
various organisms, with variations of the limits of this narrow spectrum, hence referred to as the 
visible portion (highlighted above). 
1The ω-dependence is still implied but suppressed from now on for better readability. 
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Metals and conductors in general, on the other hand, possess conduction band electrons 
that can easily move to diﬀerent lattice sites under the inﬂuence of an external electric 
ﬁeld. This behaviour at the microscopic level gives rise to many of their macroscopic 
characteristics like the typical metallic lustre, ductility, conduction of heat and electric 
currents. Thus metals feature a negative value for ε� and a smaller, but positive value for 
ε�� at visible and longer wavelengths. 
The dielectric properties of metals can be described by the Drude model4. It works well 
for a spectral range starting from the visible up to the microwave regime. Amazingly, 
Drude developed his theory of electrical and thermal conduction prior to the development 
of quantum theory26,27. It is based on the kinetic theory of gases. Hence, metals are 
essentially described as a gas of electrons (i.e. electron-gas) governed by Newtonian 
mechanics. The average electron velocity is determined by the thermal energy of the metal. 
The electrons experience mutual collisions with each other after time intervals equal to the 
collision time τ . Other electron-electron interactions taking place between collisions are 
neglected. Ion-electron interactions, however, can not be fully ignored. This situation is 
summarised with the term “quasi-free” electron approximation. The response of the metal 
to an externally applied electric ﬁeld is primarily determined by the acceleration imposed 
on the electrons. Within this framework the dielectric function of a metal as a function of 
the angular frequency of the external applied ﬁeld is derived as: 
ω2 
ε(ω) = 1 − 
ω2 + 
p 
iω 
(2.23) 
τ 
The plasma frequency ωp is given by 
2 
ωp =	
nee (2.24)
ε0me 
where ne is the electron density, e the electron charge and me the eﬀective electron mass. 
Equation 2.24 can be applied to frequencies lower than the plasma frequency. If the 
frequency of the impinging EM wave approaches or exceeds the frequency of ωp, the 
material exhibits transparent behaviour. This is true for the alkali metals in the UV, but 
diﬀerent in other metals as other contributions to ε(ω) become signiﬁcant which require 
further theoretical treatment based on quantum mechanics. This, however, would go 
beyond the scope of theory, relevant for this thesis. 
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2.1.3 Polarisation of light 
Not only the material properties but also the properties of the light source itself aﬀect the 
way light interacts with materials. In particular the spatial orientation of the polarisation 
of light has to be considered. The simplest manifestation of polarisation to visualise 
is that of a plane wave, which is a good approximation of most light waves (a plane 
wave is a wave with inﬁnitely long and wide wave fronts). For plane waves Maxwell’s 
equations, speciﬁcally Gauss’s laws, impose the transversality requirement, that is to say 
the electric and magnetic ﬁeld be perpendicular to the direction of propagation and to 
each other. Conventionally, when considering polarisation, only the electric ﬁeld vector is 
described and the magnetic ﬁeld is ignored since it is perpendicular to the electric ﬁeld 
and proportional to it. The electric ﬁeld vector of a plane wave may be arbitrarily divided 
into two perpendicular components labelled E (electric ﬁeld vector) and H (magnetic ﬁeld 
vector) (with k indicating the direction of travel). For a simple harmonic wave, where the 
amplitude of the electric vector varies in a sinusoidal manner in time, the two components 
have exactly the same frequency. However, these components have two other deﬁning 
characteristics that can diﬀer. First, the two components may not have the same amplitude. 
Second, the two components may not have the same phase, that is they may not reach 
their maxima and minima at the same time. For the purpose of this introductory chapter, 
however, the components are generally assumed to be of the same amplitude and also 
in-phase. 
In principle the origin of diﬀerent polarisation states lies in the nature of the radiation 
source, where most sources of EM radiation contain a large number of atoms or molecules 
that emit light. Therefore, natural sunlight and almost every other form of artiﬁcial 
illumination transmits light waves whose electric ﬁeld vectors vibrate in all perpendicular 
planes with respect to the direction of propagation. Such a collection of waves, which 
have an equal distribution of electric ﬁeld orientations for all directions, i.e. where the 
electric ﬁeld vectors are not restricted to a single plane, is referred to as unpolarised 
light. While each individual wave may be linearly polarised, there is no preferred direction 
of polarisation when all the waves are averaged together. Polarisation is principally of 
importance as polarised light interacts with anisotropic materials, which is the basis for 
birefringence, for example. This is an optical phenomenon usually seen in crystalline 
materials. In such a case the polarised light is ’double refracted’, as the refractive index in 
those materials is diﬀerent for horizontally and vertically polarised light. This is to say, the 
polarisability of anisotropic materials is not equivalent in all directions. As a consequence, 
the material’s anisotropy causes changes in the polarisation of the incident beam, and 
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is easily observable using certain optical techniques that use the eﬀect of polarisation of 
light, e.g. cross-polar microscopy or polarimetry. 
Light in the form of a plane EM wave, which has a uniform distribution of electric ﬁeld 
orientations in only one direction, i.e. where the electric ﬁeld vectors are restricted to 
a single plane, is said to be linearly polarised. The transverse electric ﬁeld wave is 
accompanied by a magnetic ﬁeld wave as illustrated in ﬁgure 2.3. 
Figure 2.3: Schematic illustration of a linearly polarised plane electromagnetic wave. The transverse 
electric ﬁeld wave is accompanied by a magnetic ﬁeld wave as illustrated above. By convention, 
the polarisation of light is described by specifying the direction of the wave’s electric ﬁeld (coloured) 
being either in the plane if incidence (TM or p-polarised) or perpendicular to it (TE or s-polarised). 
EM waves in materials, and in particular the guided-wave phenomena in waveguides 
or ﬁbres show a polarisation dependency, which can be reduced to an analysis of two 
orthogonal linear polarisations. They are treated separately for the case of an ideal 
waveguide. The orientation of this two polarisations is deﬁned by the orientation of the 
electric ﬁeld component of the EM ﬁelds of a plane wave with respect to a plane interface. 
The component of the electric ﬁeld parallel to this plane is termed p-like (parallel) and 
the component perpendicular to this plane is termed s-like (from senkrecht, German for 
perpendicular). Light with a p-like electric ﬁeld is said to be p-polarised, π-polarised, 
tangential plane polarised, or in other words, to be a transverse-magnetic (TM) wave. 
Light with an s-like electric ﬁeld is s-polarised, also known as σ-polarised or sagittal plane 
polarised, or most often it is called a transverse-electric (TE) wave. For a transverse 
magnetic (TM) wave the electric ﬁeld oscillates in the plane of incidence. For a transverse 
electric (TE) wave, the same is true for the magnetic ﬁeld. In both cases the electric and 
magnetic ﬁelds oscillate in the plane perpendicular to the direction of propagation (k) of 
the plane wave. Figure 2.4 illustrates the deﬁnition in detail. 
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2.1.4 Electromagnetic waves at interfaces 
The behaviour of EM waves at interfaces in terms of reﬂection and refraction of light 
was ﬁrst studied in ancient times. In 130 A. D. Claudius Ptolemy measured the angles 
of incidence and refraction for several media but was not able to ﬁnd a mathematical 
framework to describe his results. Later, but still long before the formulation of the EM 
theory of light by J. C. Maxwell, R. W. van Snell discovered the law of refraction empirically 
in 1621. It was later reformulated by R. Descartes in terms of sines. P. de Fermat derived 
the law from his principle of least time, stating that light propagates from one point in 
space to another along a route that takes the least time. 
This interrelations may be exempliﬁed by the illustration in ﬁgure 2.4, where two diﬀerent 
materials (with diﬀerent refractive indices n1 and n2, respectively), each occupying a 
semi-inﬁnite half-space, share a common, ﬂat interface at z = 0. In this example a light 
ray (representing the k-vector, k, of the EM wave) is impinging upon the interface from the 
side of ’optically thinner’ medium, penetrating into the ’optically thicker’ material. 
Figure 2.4: Reﬂection of a plane wave from a surface perpendicular to the page. The cases are 
illustrated for both TE polarised light (left), with s-components of the wave perpendicular to the plane 
of the page, and TM polarised light (right) where p-components of the wave are perpendicular to the 
surface. 
For the case of a plane EM wave with an angle of incidence θi (measured from the surface 
normal) the angle of transmission θt can be found via Snell’s law of refraction: 
n1 sin(θt) 
n2 
= 
sin(θi) 
(2.25) 
Reﬂection occurs at the angle of reﬂection θr, where θr = −θi. For n2 < n1, θt is always 
larger than θi, but θr always equals θi. In the case where the angle of tranmittance θt 
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would result in θt � 90◦, no light is transmitted into the optically thinner medium and the 
full intensity is reﬂected. This condition is termed total internal reﬂection (TIR). The angle 
of incidence above which TIR occurs is called the critical angle θcritical. It is also given by 
Snell’s law in the extreme case when the numerator on the right side of equation 2.25 
becomes unity, and can be written as: 
θcritical = arcsin(
n2 ) (2.26)
n1 
Accordingly, the optical phenomenon of TIR occurs only when a ray of light strikes a 
medium boundary at an angle of incidence, θi, larger than the critical angle, θcritical, with 
respect to the normal to the surface. However, if θi > θcritical then the light will change 
from being a normal propagating ray of light (crossing the boundary) to being bent away 
from the normal, so the angle of reﬂection θr is greater then the angle of incidence θi. 
Such reﬂection is commonly called internal reﬂection. The angle of transmission θt will 
then approach 90° for the critical angle of incidence θcritical. For angles of incidence 
θi > θcritical, therefore, the total light beam power will be reﬂected back internally, and the 
TIR-condition is fulﬁlled. This, however, can only be achieved for light propagating in a 
medium with higher RI, n, and directed towards a medium with lower RI, n, see ﬁgure 2.5 
for illustration of reﬂection at the ﬁlm/cover-boundary. 
Figure 2.5: Reﬂectivity as a function of the incident angle, θi. The critical angle, θcritical, denotes 
the lowest angle at which total internal reﬂection occours. It is given by sin(θcritical) = ε1 . This ε2 
particular curve was calculated with ε1 = 1.778, ε2 = 3.4036. 
Since reﬂection and transmission constitute competing propagation channels, the question 
arises how the impinging intensity is split up quantitatively between the two. Fresnel 
has solved this problem. His deduction10,36 is based on the continuity conditions for 
the tangential (interfacial) components of E and H. This is expressed in Snell’s Law of 
Refraction, that follows from Fermat’s principle of least time, which in turn follows from the 
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propagation of light as EM waves. Certainly, the diﬀerent polarisations of the transversal 
ﬁeld have to be distinguished for these calculations, since they behave diﬀerently at the 
interface. 
With its wave vector (E and H) situated within the x − z-plane, any arbitrary plane electric 
ﬁeld can be decomposed into a component that is lying within the x − z-plane and a 
orthogonal component that runs parallel to the y-axis. The latter corresponds to an electric 
ﬁeld of s-polarisation (TE-mode). The in-plane component is of p-polarisation (TM -mode). 
Fresnel’s formulae express the ratio of the electric ﬁeld amplitude of the reﬂected (or 
transmitted) wave divided by the incident wave amplitude for the two polarisations: 
n2cos(θi) − n1cos(θt) 2n1cos(θi) 
rTE = 
n2cos(θi) + n1cos(θt) 
tTE = 
n2cos(θi) + n1cos(θt) 
(2.27) 
rTM = 
n2cos(θt) − n1cos(θi) 
tTM =
2n1cos(θi) (2.28)
n2cos(θt) + n1cos(θi) n2cos(θt) + n1cos(θi) 
Here r represents the reﬂected intensity, whereas t stands for the transmitted intensity of 
the individual polarised component of light. 
2.1.5 Brewster’s Angle 
One in particular interesting phenomenon related to the discriminative behaviour of TM 
and TE polarised light at the interface (of non-magnetic materials) of diﬀerent refractive 
index materials is given at the so called polarisation angle. At this angle of incidence, light 
with a particular polarisation is perfectly transmitted through a surface, with no reﬂection. 
The angle at which this occurs is named after the Scottish physicist, Sir David Brewster 
(1781–1868). He discovered that light, when it moves between two transparent dielectric 
(or insulating) media of diﬀering refractive index one particular angle of incidence exists 
where light with one particular polarisation cannot be reﬂected. This angle of incidence is 
referred to as Brewster’s angle, θB. 
The one polarisation state that is perfectly transmitted at this angle is the TM polarisation 
(p-polarisation) for which the electric ﬁeld of the light waves lies in the same plane as the 
incident ray and the surface normal (i.e. the plane of incidence). Therefore, an interface 
may be used as polarisation device (i.e. polariser) when unpolarised light is impinged at 
the surface at Brewster’s angle; the reﬂected portion of light is always purely TE polarised 
(s-polarisation) . Although s and p polarisation states were not named for this convention, 
it may be convenient to remember that s-polarised light will ’skip’ oﬀ a Brewster boundary 
and p-polarised light will ’plunge’ through, as sketched in ﬁgure 2.6. 
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Figure 2.6: (a) Illustration of a randomly polarised ray of light impinging upon an interface at 
Brewster’s angle, given when the k-vectors of the reﬂected and the transmitted light form a 90° 
angle to each other. (b) Linearly TM-polarised (E-vector parallel to the plane of interface). No light is 
reﬂected. (c) Linearly TE-polarised (E-vector perpendicular to the plane of interface). For n1 being 
air and n2 being glass, approximately 15% of the impinged light intensity is reﬂected and 85% 
transmitted. 
The physical mechanism for this can be qualitatively understood from the manner in which 
electric dipoles in the media respond to TM light. One can imagine that light incident on 
the surface is absorbed, and then re-radiated by oscillating electric dipoles at the interface 
between the two media. The polarisation of freely propagating light is always perpendicular 
to the direction in which the light is travelling. The dipoles that produce the transmitted 
(refracted) light oscillate in the polarisation direction of that light. These same oscillating 
dipoles also generate the reﬂected light. However, dipoles do not radiate any energy in the 
direction along which they oscillate. Consequently, if the direction of the refracted light is 
perpendicular to the direction in which the light is predicted to be specularly reﬂected, 
the dipoles will not create any reﬂected light. Since, by deﬁnition, the s-polarisation (TE) 
is parallel to the interface, the corresponding oscillating dipoles will always be able to 
radiate in the specular-reﬂection direction. This is why there is no Brewster’s angle for 
TE-polarised light. 
The value for the unique angle θB at which the reﬂected light waves are all polarised into 
a single plane can be easily calculated from utilising Fresnel’s equations; the reﬂection 
coeﬃcient rTM (TM radiation) will equal zero when the indices of refraction are equal, so 
n1 = n2 or 
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n2cos(θ2) = n1cos(θ1) (2.29) 
which, after solving for cos2(θ1) in Snell’s law, yields 
θB = tan−1(
n2 ). (2.30)
n1 
θB is the Brewster angle as measured from the normal. Equation 2.30 is known as 
Brewster’s law. 
Since the refractive index for a given medium changes depending on the wavelength of 
light, Brewster’s angle and the reﬂectivity (i.e. reﬂected intensity, Ireflected ) will also vary Iin 
with the light’s wavelength. Brewster showed that this angle, however, is a function of 
the refractive index, and can therefore be utilised to easily measure the refractive index 
of a material. Although Brewster’s angle is generally presented as a zero-reﬂection angle 
in textbooks from the late 1950s onwards, as illustrated below in ﬁgure 2.7, it truly is a 
polarising angle. 
Figure 2.7: Fresnel reﬂected intensity (i.e. reﬂectivity, Ireflected ) at an interface of two materials with Iin 
n1 = 1.0 and n2 = 2.0 at λ = 632.8nm versus angle of incidence θi from air. For TM -polarisation, 
the reﬂectivity vanishes at the Brewster angle of incidence, whereas the reﬂectivity increases 
monotonously for TE-polarisation with increasing incidence angle. 
After discussing the phenomenon of light polarisation at material interfaces, it may be 
appropriate at this point to also raise the question provide a deeper insight into the 
behaviour of light at an interface. Especially the behaviour of light at, but also after 
exceeding the critical angle of TIR is fundamental for the understanding of evanescent 
ﬁeld-based optical devices. The following subsection will therefore enter in this topic. 
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2.1.6 Goos-Hänchen shift 
One particularly interesting feature associated with light being incident on a ﬂat surface 
in an angular range above TIR is the violation of the specular reﬂection law. The Law of 
Reﬂection of a light ray incident upon a mirror (θi = θr) was ﬁrst formulated by Euclid 
around 300 B.C. in his book Catoptrics35; it has been a tenet of geometrical optics ever 
since. The law of specular reﬂection simply expresses that the incoming and reﬂected 
beam meet exactly at the interface, and that the reﬂected angle is equal to the incoming 
angle. However, more recently, a small angular deviation of the Law of Reﬂection has 
been predicted for a physical light beam when this is regarded as the implementation of a 
ray67,3,16,2. 
In the case of a beam of light being reﬂected at the air-glass interface, below the critical 
angle of incidence θcritical one part is reﬂected and one part is transmitted. Above θcritical, 
total internal reﬂection will occur at the interface between dielectric materials with diﬀerent 
RIs. That shows the ﬁrst violation of the specular reﬂection law: the reﬂected beam is 
shifted a little in the propagation direction which is equal to a slightly lowered reﬂection 
plane (dashed line in ﬁgure 2.8(b)). This shift was conjectured by Newton 300 years ago, 
but only measured in 1947 by Goos and Hänchen32. 
Figure 2.8: (a) Specular reﬂection, (b) internal reﬂection, (c) metallic reﬂection. 
The so-called Goos-Hänchen eﬀect is the displacement, with respect to geometrical re­
ﬂection, of a TE or TM polarised (s- and p-polarised, respectively) light beam when it is 
reﬂected by a medium with a complex and angle-dependent reﬂection coeﬃcient. This 
displacement generally lies in the order of 10 − 1000nm. During the Goos-Hänchen shift at 
total reﬂection, light waves will consequently enter a few nanometres into the surrounding 
medium. This causes a phase shift and also higher losses, in the case where the absorption 
of the surroundings is higher than the absorption of the medium the wave is travelling in 
(compare illustrations (a) and (b) in ﬁgure 2.8. 
The second case of violation of the specular reﬂection law can be observed if the reﬂection 
is monitored at a metallic surface (e.g. reﬂecting layer). High-precision experiments with a 
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displacement sensitivity in the nanometre range have revealed the 61,60 shift to be directed 
backwards. In a metal, the refractive index has a large imaginary component and the 
free electrons, excited by the incoming light, oscillate in anti-phase. Therefore, the light 
can barely penetrate the metal and it looks like the mirror plane is closer (schematically 
illustrated in ﬁgure 2.8 (c)). 
2.2 Evanescent Wave Optics 
The term ’evanescent wave optics’ summarises a variety of optical phenomena related to 
surface-bound, standing and exponentially (perpendicular to the interface between two 
media with diﬀerent optical properties) decaying EM waves. 
These evanescent waves form the basis of many experimental techniques for scientiﬁc as 
well as technological applications that characterise properties of, or in close proximity, 
to surfaces. Changes in the optical properties of the medium within the decay length of 
the ﬁeld cause a change in the decay length of the ﬁeld. This response is exploited by 
various types of spectroscopies such as total internal reﬂection ﬂuorescence microscope 
(TIR-FM)13. 
In the framework of this thesis two main extensions of this concept, based on the optical 
phenomena arising from TIR, are combined in a synergistic manner to form a sophisticated 
experimental probing technique. The ﬁrst one is concerned with surface plasmon polariton 
(SPP) or surface plasmon resonance (SPR) or just surface plasmon (SP). SPs are collective 
charge oscillations which can be excited for example at the interface between a conducting 
and a dielectric material. The second technique deals with guided optical waves, so 
called optical waveguide modes, which can be observed once an additional material layer 
with suﬃcient optical thickness is interfaced with the TIR-exhibiting material. In order 
to provide the required background knowledge to make these techniques completely 
accessible, further theoretical treatment of optical waves at interfaces is presented in the 
following subsections. 
2.2.1 The Evanescent Wave 
The term ’evanescent’ is derived from the Latin verb ’evanescere’, and means ’tending 
to vanish’, which is appropriate because the intensity of evanescent waves decays expo­
nentially (rather than sinusoidally) with distance from the interface at which they are 
formed. Evanescent waves, in general, are near-ﬁeld standing waves which appear when 
sinusoidal waves are totally internally reﬂected from an interface at an angle greater 
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Figure 2.9: Left: Travelling EM waves in a medium undergo TIR at its boundary because they hit the 
interface at an angle equal or greater than the critical angle (θi > θcritical) (for a detailed description, 
see subsection 2.1.4), accordingly the refracted light beam disappears. Surprisingly, when the light 
wave is totally reﬂected, there are still waves present in the less dense medium. Although no net 
energy is transferred through the interface under conditions of TIR, an optical disturbance occurs 
outside the material’s surface which takes the form of an ’evanescent wave’. Thus only a spatially 
very restricted volume, very close to the interface is illuminated by the evanescent wave. The physical 
explanation for the existence of the evanescent wave is that the electric and magnetic ﬁelds cannot be 
discontinuous at a boundary, as it would be the case if there was no evanescent wave-ﬁeld. Right: 
If the TIR condition is not fulﬁlled, the waves are refracted and propagate through the lower index 
medium. 
than the critical angle θcritical. They are formed at the boundary between two media with 
diﬀerent dielectric properties, and consequently with diﬀerent properties in respect of wave 
motion. Evanescent waves are most intense within one-third of a wavelength from the 
surface of formation, as illustrated in ﬁgure 2.10 below. 
The rigorous mathematical treatment of this problem shows that the electric ﬁeld along the 
propagation direction at the interface is still oscillating as usual whereas its component 
perpendicular to the interface is decaying exponentially. The electric ﬁeld strength of this 
evanescent mode (i.e. a standing wave) in z-direction is given by: 
z 
lpE(z) = E0e
− (2.31) 
The decay length, or penetration depth (into the optically thinner medium), lp, is of the 
order of the wavelength, λ, of the incident light wave. The distance beyond the interface, 
where the intensity decays to 1 e (approximately 37%) of the starting amplitude is described 
by the following equation: 
λ 
lp = � , θi > θcritical (2.32)
2πn1 sin2θi − (n2 )2 n1 
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Figure 2.10: TIR of a plane wave of wavelength λ at the surface of a medium, n1, in contact with a 
dielectric medium, n2, where n2 < n1. For incident angles θi > θcritical the evanescent ﬁeld at the 
interface decays exponentially into the dielectric with a penetration depth lp. While wave solutions 
have real wave numbers, for evanescent modes they are purely imaginary. 
Here n1 and n2 donate the refractive indices of the two dielectric media (n1 > n2) and θi 
represents the angle of incidence of the light. 
2.2.1.1 Polarisation dependence 
Evanescent wave intensity at the interface (z = 0) is a function of both the incident angle 
and the polarisation components of the light beam. The intensities at z = 0 observed for 
polarised vibration vectors are discussed in terms of a coordinate system with the plane of 
incidence (the x − z plane) deﬁned as being parallel to the exciting light beam. 
Figure 2.11: The evanescent electric ﬁeld vector for TE-polarised incident light is perpendicular 
to the plane of incidence (left). A non-zero longitudinal component and phase lag manifests the 
TM -polarised incident light, which has an evanescent electric ﬁeld vector direction that remains in 
the plane of incidence. The longitudinal component induces the p-polarised light electric ﬁeld vector 
to ’rotate’ along the interface and produce elliptical polarisation of the evanescent ﬁeld in the plane of 
propagation (right). 
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The evanescent electric ﬁeld vector for s-polarised incident light is perpendicular to the 
plane of incidence. A non-zero longitudinal component and phase lag is observed for 
the p-polarised incident light, which has an evanescent electric ﬁeld vector direction that 
remains in the plane of incidence. The longitudinal component induces the TM-polarised 
light electric ﬁeld vector to ’rotate’ along the interface and produce elliptical polarisation 
of the evanescent ﬁeld in the plane of propagation. When the incident angle is reduced 
from the super-critical range to the critical angle and lower, the longitudinal component 
disappears and the electric ﬁeld component in the x-direction simultaneously vanishes. 
The evanescent ﬁeld intensities at the interface (z = 0) for the incident TM- and TE-
components are complex expressions given by the following series of equations: 
(4cos2(θ))(sin2(θ) − (n2 )2)
Ix = � n1 � (2.33)
(1 − (n2 )2) (1 + (n2 )2)sin2(θ) − (n2 )2 n1 n1 n1 
4cos2(θ)
Iy = 1 − (n2 )2 (2.34) n1 
(4cos2(θ))sin2(θ)
Iz = � � (2.35)
(1 − (n2 )2) (1 + (n2 )2)sin2(θ) − (n2 )2 n1 n1 n1 
where I is the orientation-dependent evanescent ﬁeld intensity. For TE-polarised incident 
light, the total evanescent intensity is equal to the y-component, Iy, while the evanescent 
intensity for p-polarised incident light is composed of both the x and z components (Ix and 
Iz). As discussed above, the y-intensity is linearly polarised, but the x and z intensities 
are elliptically polarised due to the fact that the electric ﬁelds are 90° out of phase with 
each other. A mathematical description of the evanescent wave is provided by considering 
the amplitude of the electric ﬁeld in z-direction. In this context, the EM ﬁeld E of an EM 
plane wave, travelling in in a medium with refractive index n can be expressed as 
E = E0e i(ωt−k·r) = E0e i(ωt−kxx−ky y−kz z) (2.36) 
with the amplitude of the electric ﬁeld donated as E0 , the angular frequency ω, the 
wavevector k, the position vector r = (x, y, z) and i = 
√−1. As it is apparent from 
equation 2.36, a travelling wave is only represented if the exponent is complex. 
The magnitude of the wave vector k, with its direction parallel to the direction of wave 
propagation, is given by 
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Figure 2.12: Schematic illustration of the wave vector components and their magnitudes for the 
evanescent wave. 
k = 
� 
kx 2 + ky 2 + kz 2 = n 
2π = nω (2.37)
λ c 
where λ and c are the wavelength and propagation velocity in vacuum, respectively. 
Considering the refraction of such a wave at an interface between two media with refractive 
indices n1 and n2, respectively, and choosing ky = 0 to reduce the problem to two 
dimensions, Snell’s law holds 
n1sin(θi) = n2sin(θt) (2.38) 
or, equivalently, 
kx1 = kx2 ≡ kx (2.39) 
By combining the equations (k = k2 x + ky 2 + k2 z = n 2π = n ω ) and (kx1 = kx2 ≡ kx) the λ c 
component of the wavevector kz perpendicular to the interface can be expressed as : 
k2 = n 2 
� 2π �2 � n
1
2
2
− sin2(θi) 
� 
(2.40)z2 1 2λ n
Given that n1 > n2, from equation 2.40 it follows that for sin(θi) > n2/n1 the right side of 
equation is negative, and, consequently, kz is purely imaginary. 
EM evanescent waves have been used to exert optical radiation pressure on small particles 
in order to trap them for experimentation, i.e. near-ﬁeld optical micro-manipulation 
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(optical tweezers), or to cool them to very low temperatures. This work was ﬁrst pioneered 
in 1992 81,80. It has been shown that the ﬁeld can be coupled to particles in proximity on 
the order of 100 nanometres to the surface. A recently updated and more sophisticated 
version of evanescent ﬁeld optical tweezers is termed as Lens-less Optical Trapping (LOT) 30. 
Other emerging applications include the application of evanescent waves to illuminate 
very small objects such as biological cells for microscopy (as in the total internal reﬂection 
ﬂuorescence microscope) or using the evanescent wave from an optical ﬁbre in gas sensors. 
More generally, practical applications of evanescent waves can be classiﬁed in the following 
way. 
(1) Those in which the energy associated with the wave is used to excite some other 
phenomenon within the region of space where the original travelling wave becomes 
evanescent (for example, as in total internal reﬂection ﬂuorescence microscope). 
(2) Those in which the evanescent wave ’couples’ two media in which travelling waves are 
allowed, and hence permits the transfer of energy between the media, even though no 
travelling-wave solutions are allowed in the region of space between the two media. An 
example of this is so-called ’wave-mechanical tunnelling’. This second type of application 
is known generally as ’evanescent wave coupling’. 
2.2.2 Evanescent Wave Coupling 
In optics, evanescent wave coupling is a process by which EM waves are transmitted from 
one medium to another by means of the evanescent, exponentially decaying EM ﬁeld (for 
details see section 2.2.1). This phenomenon is describable by quantum mechanics and in 
this context it is referred to as tunnelling. This phenomenon not only aﬀects EM photons 
(whether in the form of visible light or microwaves) but is also an essential component of 
physical processes like radioactivity and nuclear fusion. 
Wave-mechanical tunnelling (also called quantum-mechanical tunnelling, quantum tunnel­
ling, and the tunnel eﬀect) is an evanescent wave coupling eﬀect that occurs in the context 
of quantum mechanics because the behaviour of particles is governed by Schrödinger’s 
wave-equation. All wave equations exhibit evanescent wave coupling eﬀects if the condi­
tions are right. Wave coupling eﬀects, mathematically equivalent to those called ’tunneling’ 
in quantum mechanics, can occur with Maxwell’s wave-equation (both with light and with 
microwaves). 
Traditionally, imaginary parts have been ignored as ’imaginary numbers do not describe any 
real physical quantity’, but it was discovered that purely imaginary solutions, that are called 
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evanescent modes, are mathematically identical with the solutions of the Schrödinger’s 
equation, the fundamental equation describing quantum mechanical behaviour in the case 
of tunnelling. Moreover, evanescent modes are not just a theoretical concept, but occur in 
a number of physical devices that are collectively called photonic barriers. This can, for 
instance, be an air gap between double prisms to produce a condition called frustrated 
total reﬂection, a phenomenon hinted at by Newton. 
2.2.3 Frustrated total internal reflection 
Under ’ordinary conditions’ it is true that the creation of an evanescent wave does not aﬀect 
the conservation of energy, i.e. the evanescent wave transmits zero net energy. However, 
if a third medium with a higher refractive index than the second medium is placed within 
less than several wavelengths distance from the interface between the ﬁrst medium and 
the second medium, the evanescent wave will be diﬀerent from the one under ’ordinary 
conditions’ and it will pass energy across the second into the third medium. 
If two glss prisms are placed together with a small gap containing a less refracting 
substance (air, for instance), it is found that a small proportion of the light that should 
bounce back in the ﬁrst prism (when it is at an angle that generates TIR) in fact ’jumps the 
gap’, thus tunnelling through the gap into the second prism. Purely imaginary solutions of 
the wave equation seem to imply a zero shift in the phase of the wave – which would mean 
that the wave spent zero time in the barrier, crossing it instantaneously (or perhaps more 
accurately getting from one side of the barrier to the other without crossing the intervening 
space). 
There are various TIR-based applications in science and technology making use of the 
possibility to access evanescent ﬁelds (e.g. Total internal reﬂection microﬂuorimetry and 
Fingerprint-scanning devices, which use frustrated total internal reﬂection in order to 
record an image of a person’s ﬁngerprint without the use of ink. Also the new generation of 
multi-touch screens uses frustrated total internal reﬂection in combination with a camera 
and appropriate software to pick up multiple targets. 
2.3 Surface Plasma Wave 
This section discusses an extension of the basic principle of evanescent waves, which 
is concerned with the excitation of surface plasma waves (also called surface plasmon 
resonance (SPR)) at the interface between a noble metal and a dielectric medium14. In 
such a conﬁguration the (nearly) free electron gas in the metal acts as a resonator driven 
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Figure 2.13: A transparent, low refractive index material (i.e.air) is sandwiched between two prisms 
of another material (i.e. glass). This allows the beam to ’tunnel’ through from one prism to the next in 
a process very similar to quantum tunnelling while at the same time the emerging evanescent wave 
will pass energy across the air-gap into the glass medium. 
by the incoming photon ﬁeld, and giving rise to substantial intensity enhancements50? ,90 
compared to the mere dielectric conﬁguration discussed in the previous section. Plasmons, 
as such, are quasi-particles, i.e. density waves of the charge carriers oscillating in a 
conducting medium such as a metal, semiconductor, or plasma (schematically depicted in 
ﬁgure 2.14). 
Figure 2.14: Scheme of a p-polarised surface wave and its electric ﬁeld on the interface (dielec­
tric/metal) between two semi-inﬁnite half-spaces. The oscillating charge density being associated 
with the electromagnetic wave is indicated. 
In this case, again, one is dealing with an evanescent, i.e. bound, EM mode propagating 
along the metal/dielectric interface. A number of examples is given of how this ’surface 
light’ can be employed to monitor interfacial properties and processes sensitively, or to 
characterise the optical properties of ultra-thin coatings deposited onto the interface6. 
Plasmons play a major role in the optical properties of metals. Light of frequency below the 
plasma frequency is reﬂected, because the electrons in the metal screen the electric ﬁeld 
of the light. Light of frequency above the plasma frequency it is transmitted, because the 
electrons cannot respond fast enough to screen it. In the majority of metals, the plasma 
frequency lies in the ultraviolet spectral range, making these materials appear shiny in 
the visible range. Some metals, however, have plasma frequencies in the visible range 
(e.g. gold and copper), giving them their distinctive colour. For doped semiconductors, the 
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plasma frequency usually lies in the infrared. 
In the early twentieth century, the excitation of SPR, initially termed Wood’s Anomaly, 
was observed as anomalous reﬂective patterns when polarised light was incident on a 
metal grating95. This optical phenomenon was attributed to the resonant coupling of 
the incoming EM ﬁeld and the electron plasma on a metal surface. The resulting wave 
originates from the interaction of photons from the transverse magnetic-polarised (TM) 
light with the oscillation of free electrons in the metal. Research on surface plasmon 
resonance was originally limited to diﬀraction gratings98,101,42,74. Since the sixties of 
last century research has ﬂourished in numerous ﬁelds41,92,43 including non-linear op­
tics (e.g. Raman scattering and second harmonic generation23,82,96), meteorology (e.g. 
surface roughness100,69,70,29) and optical properties of metals77, SPP optics on nano­
structured objects (e.g. metal nanoparticles91,34, chains of metal nanoparticles31,76 and 
sub-wavelength arrays of holes55) lasers21, optical data storage24, photonic band-gap 
structures8,7, sub-diﬀraction imaging28, surface plasmon-based integrated optics52 and 
optical sensors39,78,15,99,62,63,57. 
Essential for the generation of SPs is the presence of (nearly) free electrons at the interface 
of two materials – in practise this almost always implies that one of these materials is a 
metal where free conduction electrons are abundant. This condition follows naturally from 
the analysis of a semi-inﬁnite metal-dielectric interface by Maxwell’s equations. 
On an interface as sketched in ﬁgure 2.14, the electric ﬁeld E 
⎫ ⎪⎬ ⎧ ⎪⎪⎨ ⎧ ⎪⎨ kx )e−ikz,dielectricz z > 0
(1 0
 kz,dielectricE = E0e i(kxx−ωt) (2.41)for
⎪⎩ (1 0 −kx )e+ikz,metalz kz,metal ⎪⎪⎩ ⎪⎭ z < 0

and the magnetic ﬁeld H 
⎫ ⎪⎬ ⎧ ⎪⎪⎨ ⎧ ⎪⎨ −εdielectric(0 kz,dielectric 0)e−ikz,dielectricz z > 0
ω
E0e i(kxx−ωt)H =
 (2.42)for
⎪⎩ εmetal +ikz,metalz(0 kz,metal 0)e ⎪⎪⎩ ⎪⎭c
 z < 0

fulﬁl Maxwell’s equations and the continuity relations for the tangential electric and 
magnetic ﬁeld components and for the normal components of the electric displacement, 
when 
k2 + k2 x z,j 
�2ω = εj j : dielectric, metal (2.43)
c

In the case εdielectric ≥ 1 and ε� | ε� |> 1 > ε��metal < 0, metal metal > εdielectric, kzj becomes 
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imaginary or complex, which means the electric ﬁeld having its maximum in the surface 
at z = 0 with exponential decay into the media. This is characteristic for surface waves. 
SPs propagate along the interface and are characterised by the (complex) propagation 
constant β, this leads to the dispersion relationships (i.e. the energy-momentum relation) 
for surface plasmons at a metal/dielectric interface: 
� �2 
k2 + k2 = ω (2.44)x z,dielectric εdielectric c 
k2 
� 
ω 
�2 
z,dielectric = εdielectric − kx 2 (2.45)c 
kx = 
ω ε˜metalεdielectric = 2π n˜metal
2 ndielectric 
2 
= β (2.46)
c ε˜metal + εdielectric λ n˜metal 2 + ndielectric 2 
where λ is the wavelength, ω is the angular frequency, c is the speed of light in vacuum, 
ndielectric is the refractive index of the dielectric and n˜metal is the (complex) refractive index 
of the metal. 
A few details are noteworthy: (1) In the usual treatment, ω is taken to be real. Since 
n˜metal is complex, k˜x is also complex, i.e. k˜x = k˜x� + ik˜��x. As a consequence, SP modes 
propagating along a metal/dielectric interface exhibit a ﬁnite propagation length, Lx , 
given by Lx = k
1 
x
�� . This decay has a strong impact on lateral resolution that is desirable 
in order to characterise laterally structured samples investigated with plasmon light in a 
microscopic setup. (2) The frequency (spectral) range of interest is given by: 
n˜2 2 � metalndielectric n2 (2.47)2 2 dielectric n˜metal + ndielectric ≥ 
This has two important consequences. The ﬁrst can be seen from equation 2.45. Inserting 
equation 2.47 shows that in this case the z-component of the SP wave vector is purely 
imaginary. The surface plasmon is a bound, non-radiative evanescent wave with a ﬁeld 
amplitude, the maximum of which is at the interface (z = 0) and which is decaying 
exponentially into the dielectric (as well as into the metal). The mode is propagating as a 
damped oscillatory wave (as illustrated in ﬁgure 2.15). 
All parameters characterising the properties of SPs can be quantitatively described on the 
basis of the dielectric functions of the involved materials, e.g. the exponential decay of the 
optical ﬁeld intensity normal to an metal/dielectric interface. The penetration depth, lp, of 
this light into the dielectric medium is found to be a few hundred nanometre only, and 
again it is this surface speciﬁcity that makes it such an interesting probe ﬁeld. 
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Figure 2.15: Schematic of evanescent character of a surface plasmon mode excited at a metal/dielectric 
interface in the x-, y-plane propagating as a damped oscillatory wave in the x-direction. The electric 
ﬁeld components along the z-direction, normal to the interface,decay exponentially, here shown for 
the Ez component.50 
Since TM-polarised light is used to excite SPs, their EM ﬁeld is also transverse magnetically 
polarised. Therefore, in a Cartesian coordinate system, the ﬁeld can be described by the 
nonzero components of the magnetic intensity parallel to the interface Hy, the electric 
intensity parallel to the interface Ez and the electric intensity perpendicular to the interface 
Ex. Figure 2.16 shows the spatial distribution of the exponentially decaying magnetic ﬁeld 
along the x-coordinate, and the penetration depths from the metal/dielectric interface into 
the the dielectric lp,dielectric and the metal lp,metal, respectively. These penetration depths 
depend on the material’s optical properties (on the real part of the complex refractive index) 
and are deﬁned as the distance perpendicular to the surface at which the ﬁeld amplitude 
decreases by a factor 1/e (lp,j = Re{β2 − k02k2 j }− 2
1 
where j stands either for the metal or 
dielectric). The propagation distance along the metal surface, on the other hand, depends 
(due to dissipation in the metal ﬁlm) solely on the imaginary part of the complex refractive 
index. It is quantiﬁed by the propagation length Lx as the distance along the metallic 
surface at which the intensity of the SP mode drops to 1/e (Lx = (2Im{β})−1 where Im{} 
is the imaginary part of the complex refractive index). 
The second consequence of equation 2.47 is that the momentum of a free photon propagat­
ing in a dielectric medium, 
kph = 
ω
c 
· ndielectric (2.48) 
is always smaller than the momentum of a surface plasmon mode, ksp, propagating along 
an interface between that same medium and the metal [see ﬁgure 2.17(a)]. Therefore, the 
surface wave cannot directly couple light in the dielectric; coupling is forbidden by the 
law of conversion of momentum. The dispersion of photons is described by the light line, 
ω = cdkph [Figure 2.23 (a)], with cd = √
n
c .2 
dielectric 
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Characteristics of surface plasmon 
Penetration depth in gold lp,metal = 0.027µm 
Penetration depth in dielectric lp,dielectric = 0.183µm 
Propagation length Lx = 7.2µm 
Figure 2.16: Distribution of the magnetic ﬁeld intensity Hy of the SP propagating along the interface 
of gold (n˜Au = 0.3 + i3.8) and water as the dielectric (nH2O = 1.33) at a wavelength of λ = 0.633µm. 
The table summarises the typical values for penetration depths and propagation lengths in an 
aqueous surrounding above a gold surface as illustrated in the ﬁgure.25 
Figure 2.17: (a) Momentum relation between a surface plasmon, ksp, propagating along x and a 
photon, kph, incident at the metal/dielectric interface at an angle θ. At any angles θ; | kph |<| ksp |. 
(b) Wavevector matching condition for the resonant coupling of photons travelling in the prism: At the 
incident angle θ0, the photon projection along the x-coordinate, kx,ph, matches the SP wavevector 
ksp. For details, see text. 
2.3.1 Optical Excitation of Surface Plasmons 
In order to excite SPs, the only relevant parameter is the photon wave vector projection 
to the x-direction. For a simple reﬂection of photons (with energy �ωL,e.g. from a laser 
source) at a planar dielectric/metal interface, the variation of the angle of incidence causes 
a tuning of kx,ph = kphsin(θ) from zero at normal incidence (point 0 in ﬁgure 2.23 (a)) to 
the full wave vector kph at glazing incidence (point 1 in ﬁgure 2.23 (a)). 
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Equation 2.46 and 2.47, however, tells us that this is not suﬃcient to fulﬁl the momentum-
matching condition for resonant SP excitation because, for very low energies, the SP 
dispersion curve (ﬁgure 2.23 (a)) asymptotically reaches the light line, whereas for higher 
energies it approaches the cutoﬀ angular frequency ωmax determined by the plasma 
frequency of the employed metal, ωp: 
ωmax = � ωp (2.49)
1 + ndielectric 2 
The employed dielectric function of gold is calculated according to the model of a free 
electron gas 44: 
ω2 p,Au
εAu = (ω) ≈ 1 − 
ω2 
(2.50) 
with the plasma frequency ωp,Au 
2 
ωp,Au = 
nee = 13.7 1015rad/s (2.51)
meε0 
· 
here ne is the electron density, e the elementary charge, me the electron mass, and ε0 the 
permittivity of free space. 
For k →∞ the dispersion relation approaches an upper bound: 
lim ωmax = 
ωp = � ωp (2.52)
2k→∞ 
√
1 + εdielectric 1 + ndielectric 
(equation 2.46 k → ∞ means εmetal → −εdielectric, −εdielectric inserted in equation 2.50 
yields equation 2.52) 
Therefore, mostly metals such as gold, silver and aluminium are used for the excitation of 
SPs in the visible (Vis) and the near-infrared (NIR) part of the spectrum. The dispersion 
relation of SPs propagating on surface of these metals is shown in ﬁgure 2.18. 
Experimental research on SPs started with electron beam excitation; in 1968, optical 
excitation was demonstrated by Otto 65 and Kretschmann and Raether54. An experimental 
setup introduced by Otto, accordingly called the Otto-conﬁguration65, allows the excitation 
of SP by not directly coupling photons to the metal/dielectric interface, but rather applying 
the evanescent ﬁeld of light, after being totally internally reﬂected at the base of a high-
index glass prism (with nprism > ndielectric). This evanescent light is characterised by a 
larger momentum [ﬁgure 2.23 (a), solid line] that for a certain spectral range can exceed 
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Figure 2.18: Dispersion relation of the SP at the interface between air (nair = 1) and gold (n˜Au = 
0.3 + i3.8), silver (n˜Ag = 0.1 + i4.0) and aluminium (n˜Al = 1.4 + i7.6). 25 
the momentum of the SP to be excited at the metal surface. So, by choosing the appropriate 
angle of incidence θi [point 2 in ﬁgure 2.23 (a)], resonant coupling between evanescent 
photons and surface plasmons can be obtained. The corresponding momentum-matching 
condition is schematically given in ﬁgure 2.17 (b). 
Figure 2.19 reveals the dispersion relation of a light wave in the dielectric and in the prism 
compared to that of SPs for the same materials as above. It can be seen that the dispersion 
relation of the light wave crosses that of SP for the angle of incidence θ = 51.5 deg in the 
combination with a wavelength of λ = 0.633µm. This ﬁnding appears to be identical to the 
value for which the matching condition (equation 2.46) is fulﬁlled and the minimum of 
SPR dip in ﬁgure 2.22 occurs. 
Figure 2.19: The comparison of the dispersion relation of a SP and photons in the prism and the 
dielectric for the same parameters.25 
Experimentally, this resonant coupling is observed by monitoring, as a function of the 
incident angle, the laser light of energy �ωL that is reﬂected by the base of the prism, 
which shows a sharp minimum [see also ﬁgure 2.22]. The major technical drawback of this 
conﬁguration is the need to get the metal surface close enough to the prism base, typically 
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to within ∼ 200nm. Even a few dust particles can act as spacers, thus preventing eﬃcient 
coupling. So, despite its potential importance for the optical analysis of polymer-coated 
bulk metal samples, this version of surface plasmon spectroscopy has not gained any 
practical importance37. 
By far the most widespread version of surface plasmon spectroscopy is based on the 
experimental conﬁguration introduced by Kretschmann and Raether54 [ﬁgure 2.20 (b)]. 
Conceptually, this scheme for exciting SPs is rather similar to the aforementioned technique, 
with the exception that this time the (high-momentum) photons in the prism couple through 
a very thin metal layer (typically, approximately 45 − 55nm thick, evaporated directly onto 
the base of the prism or onto a glass slide which is then index-matched to the base of the 
prism) to the SP states at the other side in contact with the dielectric medium. 
Figure 2.20: (a) The Otto conﬁguration is based on TIR of a plane wave incident at an angle θi,SPR 
at the base of a prism. The evanescent tail of this inhomogeneous wave can excite SP states at 
an Au-dielectric interface, provided the coupling gap is suﬃciently narrow (within the reach of 
the evanescent tail dgap ∼ 200nm). (b) Excitation of SP waves by internally reﬂected light in the 
Kretschmann-conﬁguration. A gold coated (dAu ∼ 50nm) glass slide is optically coupled (index­
matched) to a glass prism. At the resonance angle θi,SPR the projection of the light wave vector in 
glass, kx,ph, is equal to the wave vector of the surface plasmon wave kSP . The evanescent light ﬁeld 
is penetrating the gold ﬁlm and exciting the SP waves. Its exponentially decaying electric ﬁeld Ez 
is also sketched (coloured in red). Since the SP waves are excited resonantly their electric ﬁeld is 
enhanced (resonance ampliﬁcation). 
At the particular angle of incidence θi,SPR - the resonance angle - the SP waves are 
resonantly excited by the evanescent light ﬁeld, because the resonance conditions are 
fulﬁlled: ωph = ωSP and kx,ph(θi,SPR) = kSP . Although equation 2.46 must be modiﬁed 
for the Kretschmann-conﬁguration 53,17, it holds as a good approximation, thus 
1 εmetalεdielectric 
θi,SPR = arcsin (2.53)
nprism εmetal + εdielectric 
Figure 2.21 shows the measured dispersion relation for the system BK7 glass/gold/water 
in comparison to dispersions relations calculated according to equations 2.46 and 2.47. 
The good accordance shows these equations can be used to describe the Kretschmann­
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conﬁguration. 
Figure 2.21: Calculated and measured dispersion relations of SP waves (compare with ﬁgure 2.19 and 
ﬁgure 2.23). The ﬁlled circles represent measurements between λ = 590 − 1000nm in a multi-layer 
system consisting of BK7 glass / 50nm gold / water. The solid lines represent calculated dispersion 
relations according to equations 2.46 and 2.50 for diﬀerent dielectrics. The broken lines represent 
the light lines in vacuum and BK7 glass. Since SP waves on a gold / BK7 interface have larger 
wave vectors than light in BK7, they can not be excited by light in BK7. Consequently there is no SP 
wave excitation on the interface glass / gold in the Kretschmann-conﬁguration and ndielectric must 
be smaller than nprism for SPR measurements.25 
In case of resonant SP wave excitation the light energy is transferred into the SP waves; the 
reﬂected light intensity Ir decreases drastically. This can be observed as a characteristic 
minimum in Ir versus θi-plots (see ﬁgure 2.22). In the literature this minimum is sometimes 
referred to as ’plasmon’, although this term is actually reserved to the quantum of plasma 
oscillations. 
Qualitatively, the same consideration for energy- and momentum-matching apply as 
discussed for ﬁgure 2.20 (a) [see also ﬁgure 2.23 (a)]; however, quantitatively one has to 
take into account that the ﬁnite thickness of the metal layer causes some modiﬁcations of 
the dispersion behaviour of the SP modes. In particular, the possibility of coupling out 
some of the surface plasmon light through the thin metal layer and the prism opens a 
new, radiative-loss channel for SPs in addition to the intrinsic dissipation in the metal? . 
This means, that in the Kretschmann-conﬁguration plasmons can decay into photons 
since a fraction of their electric ﬁeld still penetrates into the glass prism. The imaginary 
kz transforms into a real kz, and a propagating wave is generated leading to an increased 
Ir(θi,SPR) - this eﬀect is known as radiation damping, Γrad. The radiation damping can be 
decreased by larger gold ﬁlm thickness, however, then the coupling of the evanescent light 
ﬁeld to the SP waves becomes less eﬃcient and Ir(θi,SPR) increases also. Consequently, 
in order to minimise Ir(θi,SPR), the gold ﬁlm thickness needs to be optimised for each 
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wavelength, since the evanescent light ﬁeld also possesses a wavelength dependent 
penetration depth. In case of optimal (gold) ﬁlm thickness, Ir(θi,SPR) = 0 is possible. 
One then can describe the angular dependence of the reﬂectivity by solving Maxwell’s or 
Fresnel’s equations for this layer architecture of glass/Au-layer/dielectric. An example is 
given in ﬁgure 2.22, based on the known parameters nprism, ndielectric, and the values for 
n˜metal = (nmetal − iκmetal), and dAu, the metal layer thickness. This ﬁgure also shows the 
dependence of SP coupling strength to the thickness of the metal layer. In the experiments 
presented in this work, the latter was adjusted to a gold layer thickness of dAu ≈ 55nm for 
optimal coupling eﬃciencies for a material combination as stated above and by using a 
red light laser source at λ = 632.8nm. This thickness is a reasonable compromise for SPR 
experiments which the possibility to employ diﬀerent wavelengths. 
Figure 2.22: Angular reﬂectivity spectra for the excitation of SPs at the wavelength of λ = 0.633µm 
the interface of gold (n˜Au = 0.3 + i3.8) and water as the dielectric (nH2O = 1.33) using a prism 
coupler (nLaSF 9 = 1.845) and a gold ﬁlm with the thickness dAu between 35 and 100 nm.25 
One very important parameter, the angular dependence of the interfacial intensity at 
(z = 0). One can see that assuming a perfect interface, i.e. describing the layer architecture 
that leads to the reﬂectivity curves of Figure 2.22, with perfectly ﬂat interfaces exhibiting 
no roughness or other imperfections, enhancement factors of more than 80 for the surface 
plasmon light compared to the in-coupling laser light can be obtained. In real experimental 
situations the enhancement might be more moderate, but still exists90,48. This intensity 
enhancement is the source of the sensitivity gain that was found in many spectroscopic 
experiments with surface plasmon light, in particular, demonstrated for Brillouin- and 
Raman-spectroscopies51, but also for ﬂuorescence optical experiments using SP modes 
as the exciting ﬁeld5. At this point, one should emphasise the resonance character of 
the excitation of a surface plasmon mode: As for any oscillator, the maximum amplitude 
and the width of the resonance curve depend on the degree of damping that exists 
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in the system. For the excitation of SP, the dissipation of energy in the metal is the 
relevant damping mechanism described in the Maxwell treatment by the imaginary (loss) 
part of the dielectric function, ε�� (or in terms of refractive index 2nκ). For optical metal 
frequencies, Ag is the metal with the smallest ε�� , followed by Au. Therefore, for a given Ag
laser wavelength λ, the SP reﬂectivity curve for a Ag/air interface has the smallest width, 
Δθ � 0.5deg for λ = 632.8nm, and consequently shows the highest enhancement factor for 
the intensity. The resonance at an Au/air interface is Δθ ≈ 2 − 3deg wide [depending on 
the homogeneity of the evaporated Au layer whose granular structure with the many grain 
boundaries gives rise to additional (scattering) loss mechanisms], and the enhancement 
is ’only’ a factor of 20 (for λ = 632.8nm). Of course, the strong frequency dependence of 
ε˜metal(ω) = ε�metal(ω)+ ε��metal(ω) (or equivalently n˜metal(ω) = nmetal(ω)+ iκmetal(ω)) gives 
rise to a strong wavelength dependence of the width and the enhancement factor. 
Furthermore, the dependence of the dispersion relation of SP waves from εdielectric respect­
ively ndielectric is the fundamental feature for the application of SPR. A change in the SP 
wave propagation characteristics means the occurrence of a change in ndielectric. 
2.3.2 Adlayer Sensing 
In experiments aimed at characterising thin ﬁlms, however, we modify the optical properties 
of only a narrow slice of the dielectric half-space that is probed by the evanescent SP 
ﬁeld. For a qualitative picture only, we note that depositing an ultra-thin layer (with a 
thickness of dadlayer � 2π ) of a material with an index of refraction nadlayer = √εadlayer kzd 
larger than that of the ambient dielectric, e.g. air with nair = 1, for a surface plasmon 
mode is equivalent to an increase of the overall RI integrated over the evanescent ﬁeld. The 
net eﬀect is a slight shift of the dispersion curve corresponding to an increase of ksp for 
any given ωL. This is depicted in ﬁgure 2.23 (a) (dash − dotted curve). As a consequence, 
the angle of incidence that determines the photon wave vector projection along the SP 
propagation direction has to be slightly increased [from θ0, point 2 on the dazed SP curve 
in ﬁgure 2.23 (a) to θ1, point 3 in ﬁgure 2.23 (a)] in order to again couple resonantly to SP 
modes33. 
Experimentally, the situation is relatively simple, a linearly p-polarised laser beam of 
wavelength λ, incident at an angle θi on the noble-metal-coated base of the prism (which 
is covered with the thin ﬁlm of interest) is reﬂected, and the intensity of the reﬂected light 
is monitored with a detector as a function of θ. A typical reﬂectivity curve is given in ﬁgure 
2.23 (b). The curve labelled a was taken in air on a bare Au-ﬁlm evaporation-deposited 
onto the prism base. For θi < θcritical the reﬂectivity is rather high compared to the total 
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Figure 2.23: (a) Dispersion relation of a photon travelling as a plane wave in the dielectric medium, 
ω = cdielectrickph, with cdielectric = c the speed of light in the dielectric (solid line), and ndielectric 
ca photon propagating in the prism ω = cprismkph, cprism = (dotted line). The dispersion nprism 
relation, ω vs. ksp, of plasmon surface polariton at an Au-air interface (SP, dashed curve) and at 
an Au-dielectric coating-air interface (SP, dash − dotted curve). Laser light of energy �ωL couples 
at angles k0 and k1 , respectively, given by the energy and momentum matching condition (see sp sp
the intersection of the horizontal line at ωL with the two dispersion curves). (b) Reﬂectivity curves 
obtained for a bare Au-ﬁlm; solid curve, evaporated onto a glass prism; dash − dottedcurve , after 
adsorption of an ultra-thin adlayer (nadlayer = 1.45, dadlayer = 3nm) in air. 
internal reﬂection discussed in section 2.2 because the evaporated metal layer acts as a 
mirror with little transmission. The deposition of an ultra-thin organic layer from solution 
to the Au-surface results in a shift of the dispersion curve for SP running along this 
modiﬁed interface and hence in a shift of the resonance angle (from θ0 to θ1, see Figure 
2.23 (b)). The obtained reﬂectivity curve is labelled b in 2.23 (b). The critical angle θcritical 
is unaﬀected by the presence of the adlayer, but only sensitive to the optical parameters of 
the multi-layer stack itself. 
The dispersion relation and thus θi,SPR depend on the refractive index which is perceived 
by the surface plasmon waves within the penetration depth lp of their electric ﬁeld. The 
perceived refractive index can be constant within the penetration depth of the electric ﬁeld 
of the surface plasmon waves or can be an eﬀective, averaged refractive index N if the 
medium is not homogeneous within the penetration depth. 
If lp denotes the penetration depth of the surface plasmon waves deﬁned by Ez = lp = 
1 E0(z = 0), the eﬀective refractive index can be calculated according to Jung et al. 46: e 
N = ( 2 ) 
∞ˆ 
n(z)e (− d
2
p
z )
dz (2.54)
lp 
0 
where n(z) is the index of refraction at height z over the gold surface. The factor 2 in 
equation 2.54 considers the refractive index n(z) to be probed by the intensity of the electric 
ﬁeld of a surface plasmon wave, meaning squared electric ﬁeld56,46. The penetration depth 
can thus be calculated by46: 
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lp = �� (2λπ ) � (2.55)
4n
Re eff − (N2+εmetal(ω)) 
The penetration depth varies only weakly with N which justiﬁes to assume a constant 
penetration depth for a certain wavelength. But, since the penetration depth is linearly 
dependent on the wavelength, it is possible to probe diﬀerently deep into the vicinity of the 
gold ﬁlm with surface plasmon waves excited by diﬀerent wavelengths. Figure 2.24 shows 
lp as a function of the excitation wavelength and the variation of lp with N . 
Figure 2.24: (a) The penetration depth lp of surface plasmon waves in dependence of the excitation 
wavelength according to equation 2.55. (b) Upper graph: The variation of lp with the eﬀective 
perceived refractive index N , calculated for λ = 600nm. Lower graph: The relative change of lp to 
lp,water in water. 
For all practical purposes, the quantitative treatment of this problem is based on the 
Fresnel theory for calculating the overall transmission and reﬂection of a general multilayer 
assembly. The latter would, in the presented case, consist of the prism material, the 
metal layer, the adlayer(s), and the superstrate (dielectric half-space), typically air or a 
transparent liquid, e.g. water. Diﬀerent algorithms based on either a matrix formalism 
or a recursion formula procedure for calculating the Fresnel coeﬃcients of the i-th layer 
for s- and p-polarised light have been treated in the literature. The angular dependence 
of the overall reﬂectivity can be computed and compared with the measured curves 
[dash − dotted curve, ﬁgure 2.23 (b)]. The best ﬁt then results in a set of parameters 
describing the Au reference layer and, more importantly, the optical thickness of the 
organic coating. If the refractive index of the material is known, the geometrical thickness 
can be determined, and vice versa. This ambiguity can be resolved if SPR curves are taken 
at diﬀerent wavelengths66 (with the ambiguity of the unknown dispersion behaviour of the 
refractive index of the coating), or in a contrast variation experiment49 where the angular 
resonance shift is measured in two media of diﬀerent refractive indices ndielectric , e.g. in 
air and in contact to the solvent from which the adlayer was adsorbed. Since the angular 
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shift Δθi,SPR is a known function of dlayer and of the optical contrast to the surrounding 
medium, (nlayer − ndielectric), i.e. 
Δθi,SPR = f(dlayer, (nlayer − ndielectric)) (2.56) 
one needs two independent measurements to separate εlayer and d13. 
If the thickness of the coating is increased further, a new type of non radiative mode, 
guided optical waves, can be observed. The excitation of these modes of diﬀerent order 
m can be seen again if the reﬂected intensity is recorded as a function of the angle of 
incidence, θi: narrow dips in the reﬂectivity curve above θcritical indicate the existence 
of the various guided waves. In such a conﬁguration the general principles of guiding 
light in transparent media with conﬁned dimensions apply, and this multi-layer assembly 
becomes is referred to as waveguide. 
2.4 Transfer matrix formalism 
The reﬂection of light from a single interface between two media is described by the 
set of Fresnel’s equations, and was already discussed in section 2.1.4. However, when 
there are multiple interfaces, such as in the above-mentioned multilayer system, the 
reﬂections themselves are also partially reﬂected. Depending on the exact path length, 
these reﬂections can interfere destructively or constructively due to their inherent wave 
character. Consequently, the overall reﬂection of a layer structure is the sum of an inﬁnite 
number of reﬂections, which is cumbersome to calculate. The transfer matrix formalism is 
an extremely useful form of the steady-state solution to Maxwell’s equations, subject to 
the boundary conditions, imposed by a multilayer stack and is reported extensively in the 
literature38,45,71,18,19,73,79,72,84 A brief outline of the main features is given in this section. 
The transfer-matrix method is based on the fact that, according to Maxwell’s equations, 
there are simple continuity conditions for the electric ﬁeld across boundaries from one 
medium to the next. If the ﬁeld is known at the beginning of a layer, the ﬁeld at the end of 
the layer can be derived from a simple matrix operation. A stack of layers can then be 
represented as a system matrix, which is the product of the individual layer matrices. The 
ﬁnal step of the method involves converting the system matrix back into reﬂection and 
transmission coeﬃcients. 
The optical response of a coherent thin-ﬁlm multilayer assembly can be calculated via 
diﬀerent numerical mathematical methods, using either a recursion formula procedure or 
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a transfer matrix formalism (TMF). The ﬁrst example, known as recursion procedure is 
based on the recursive calculation of the reﬂection coeﬃcient starting from the last layer 
and progressing to the ﬁrst one; a detailed explanation can be found elsewhere9. The 
latter approach, known as the TMF12,47, is discussed here, because it forms the basis 
for the algorithm of the program “Winspall” used in this work for quantitative analysis of 
data from prism coupled ATR spectroscopy and to calculate reﬂectivity curves, as well as 
ﬁeld distributions. It also provides the basic principles on which the simulation code for 
grating coupling was built. 
The transfer-matrix method is a method often used in optics to analyse the propagation of 
EM waves through a stratiﬁed (layered) medium 12. The optical response of a given coherent 
thin-ﬁlm multi-layer system is therefore represented with Fresnel coeﬃcients in a 2 × 2 
matrix conﬁguration. Accordingly, and due to the continuity of the tangential components 
of the wavevectors the complete electric and magnetic ﬁeld within the multilayer system 
can be calculated by using only two partial waves propagating in positive (ﬁeld amplitudes
j , H
2.1.4: Fresnel’s equations), as depicted in ﬁgure 2.25. 
+E
 + ) and negative (ﬁeld amplitudes E−j , H−j ) z-direction (for details see section j 
Figure 2.25: A multilayer system consisting of N + 1 layers (the ﬁrst and the last are omitted for 
cavity), each with individual properties (i.e. dielectric constant εj and a thickness dj ), is entered by 
a light beam with angle of incidence θ. Within these layers the electric and magnetic ﬁeld may be 
described completely by two plane waves propagating in positive (E+ j , H+ j ﬁeld amplitudes) and 
negative (E−j , H−j ) z-direction. The reﬂectivity can be calculated by considering the contribution of 
each interface and each layer by applying the 2 × 2 matrix formalism. 
The translational symmetry accounts, again, for the possibility of separating the solutions 
into TM and TE modes, both being represented by the amplitude A. A general solution 
in z-direction of the above introduced system yields the following expression: 
Aj (z) = A+ j e· ikj,z z + A− e−ikj,z z j · (2.57) 
75 
+1(zj+1)
+1(zj+1)
⎞⎟⎠
TM,TE
� � 
2 Theory 
Since the lateral momentum kx = k0 · sin(θi) is constant throughout the whole system, 
the components of the wavevector kj,z are expressed by: 
kj,z = εj 
�2ω − kx 2 c (2.58) 
Based on this, the propagation of a plane wave in one layer can be described by a matrix 
equation of the following form: 
⎞⎛⎞⎛⎞⎛⎞⎛ 
(zj ) ⎟⎠ =
⎜⎝ p−1 j 0
 ⎜⎝ ⎟⎠ A+ j (zj + dj )A+ j A+ j (zj + dj )⎜⎝ ⎟⎠ = Pj ⎜⎝ ⎟⎠ 
(zj ) 0 pj A−j (zj + dj ) (zj + dj )A−j A−j
TM,TE TM,TE TM,TE 
(2.59) 
The left side of the equation describes the ﬁeld at the upper edge of the layer j and is 
connected through the propagation matrix Pj to the ﬁeld at the lower edge of the same 
layer. The quantity pj is given by: 
pj = e ikj,z dj (2.60) 
Applying again the statement that the tangential components of the electric and magnetic 
ﬁeld and the normal components of the dielectric displacement and the magnetic induction 
are continuous at an interface it follows that 
⎛⎞⎛⎞⎛⎞⎛ 
A+ j A
+ 
j+1(zj+1) A+ j 
TM,TE 
j 1 − κTM,TE (zj + dj ) 1 + κ
⎟⎠ =
1
2
⎜⎝ ⎜⎝ ⎜⎝ ⎟⎠ ⎟⎠ = QTM,TE j j+1TM,TE TM,TE 1 + κ(zj + dj ) 1 − κ
 A−j+1(zj+1) →A−j A−jj j
TM,TE TM,TE 
(2.61) 
Here the matrix Qj j+1 is denoted Fresnel matrix and connects the amplitudes of the →
electric and magnetic ﬁelds on both sides of the interface. It completely describes the 
reﬂection and transmission processes at the material transition. The value of κj for both 
polarisation modes is given by: 
κTM j = 
εj+1 + kj (2.62)
εj kj+1 
and 
⎜⎝ 
κTE j = 
kj (2.63)kj+1 
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The transfer matrix T then summarises the diﬀerent contributions of all the interfaces 
and acts as an intermediary between both inﬁnite half-spaces with j = 0 and j = N + 1. 
⎛⎞⎛⎞⎛ 
A+0 (z0) A+ N (zN ) A
⎜⎝ ⎟⎠ = QTM,TE P1QTM,TE . . . QTM,TE 0→1 1 N−1→NPN−1→N ⎜⎝ ⎟⎠ = TTM,TE 
A−0 (z0) (zN )A−N A
TM,TE TM,TE 
(2.64) 
At any given refractive indices and thicknesses of the separate layers the transfer matrix 
is unambiguously determinable if the angle of incidence and the wavelength of the 
transmitting light are known. Therefore, a reﬂectivity versus angle of incidence curve can 
easily be calculated or ﬁtted to experimental data, respectively. This is true even in the 
case of anisotropic media, where the dielectric constants have to be replaced by tensors. 
Since in the presented geometry no reﬂected beam in the lower half-space exists, the 
reﬂection coeﬃcient rrefl is normalised to 1 and equation 2.64 simpliﬁes to: 
⎞⎛⎞⎛ 
+A⎜⎝ 0 (z0) 
A−0 (z0) 
1
⎟⎠ = TTM,TE(ω, kx)⎜⎝ ⎟⎠ (2.65)
0

TM,TE 
The reﬂectivity and transmission can be calculated accordingly by 
⎞⎛ ⎜⎝ 
2 �2
A+0 (z0) =
 T2,1 r
refl 2= ⎟⎠ (2.66)R =
|
 |
A−0 (z0) T1,1 
and 
⎞⎛ ⎜⎝ 
2 �2
A− (zN )N 1
trans 2= ⎟⎠ (2.67)T
=
|
 =
r
 |
A+0 (z0) T1,1 
2.5 Dielectric Slab Waveguide 
Following the example stated above, and further increasing the ﬁlm thickness of the 
adlayer on top of the gold ﬁlm, a new type of non-radiative mode; spatially conﬁned, guided 
optical waves, can be observed. This structure, capable of guiding light modes of diﬀerent 
order m in a transparent medium above the gold ﬁlm, with (spatially) conﬁned dimensions 
is referred to as a special version of a multi-modal waveguide. 
A waveguide in general is a physical structure that guides EM waves. Considering the 
optical spectrum of EM waves, such structures are accordingly called optical waveguides, in 
⎜⎝ 
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contrast to acoustic waveguides or microwave-guides. Common types of optical waveguides 
include optical ﬁbre and slab waveguides. As early as 1910, long before the invention 
of the laser, Hondros and Debye40 theoretically examined the possibility of reducing 
the diﬀraction-induced divergence of light due to the total internal reﬂection — the 
phenomenon that gives rise to guided modes of EM radiation in dielectric waveguides. The 
ﬁeld distribution in waveguides, however, was analysed by Carcuvitz in 1948 and also by 
Collin in 1960. Their solutions were subsequently used to study light-guiding phenomena 
in p − n-junctions97. Various aspects of simple planar waveguides were not, however, 
exhaustively investigated until the inception of integrated optics in the early 1970’s. 
An optical waveguide is most easily understood using the example of the simple dielectric 
slab waveguide58, also called planar waveguide 58. The slab waveguide consists in an ideal 
case of a homogeneous three-layer system separated by planar interfaces of inﬁnite extent: 
A dielectric layer of high refractive index, and with a thickness on the same scale as the 
wavelength (typically ≤ 1µm) is sandwiched between two half-spaces of lower index media, 
inﬁnite in the directions parallel to their interfaces. 
Figure 2.26 shows the typical three-layer conﬁguration of a dielectric slab waveguide 
consisting not of inﬁnite half-spaces of a subjacent substrate S , the waveguide ﬁlm F and 
an overlying cover medium C , with nS , nF and nC being the individual refractive indices 
of the substrate, the waveguiding ﬁlm and the cover medium, respectively. 
Figure 2.26: Basic waveguide structure with illustration of light guided in the waveguide ﬁlm by total 
internal reﬂection (TIR) at the ﬁlm boundaries. b) refractive index distribution along the multilayer 
structure. 
In this fundamental conﬁguration of three diﬀerent dielectric media, with diﬀerent refractive 
indices, where 
nF > max {nS , nC } (2.68) 
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must be fulﬁlled in order to conﬁne light and accordingly to make it possible for light 
to be guided inside the ﬁlm layer F , as depicted in ﬁgure 2.26 b). In this approach all 
materials are assumed homogeneous, optically isotropic, and without scattering. For a 
more precise description, introduction of a non-zero component (as imaginary part) of 
the refractive index may include material absorption and miscellaneous loss-pathways 
due to material inhomogeneities75. In the above-described planar dielectric waveguide 
architecture, loss-less guiding of light within the ﬁlm is made possible through total 
internal reﬂection (TIR) at the ﬁlm/cover- and the ﬁlm/substrate-boundary, respectively. 
2.5.1 Total internal reflection 
As discussed earlier, TIR is an optical phenomenon that occurs when a ray of light strikes 
a medium boundary at an angle of incidence θ larger than the critical angle θcritical with 
respect to the normal to the surface. However, if θ > θcritical then the light will change 
from being a normal propagating ray of light, crossing the boundary, to being totally 
reﬂected back internally. This can only be achieved for light propagating in a medium with 
a higher n towards one with a lower n, see ﬁgure 2.26 for illustration of reﬂection at the 
ﬁlm/cover-boundary. 
If nF > max {nS , nC } and the angle of incidence θ is large enough, so that sin(θ) > 
nF(max{n,nC } ) (Snell’s Law 
93,94,68) and the solution would give sin(θ) > 1, then no light can 
pass through the interface, so eﬀectively all of the light is totally internal reﬂected. The 
internally reﬂected ray is then at the same angle of incidence to the normal as the incident 
ray, and will therefore continuously undergo TIR, illustrated in Fig. 2.26. 
The multiple internal reﬂections in the ﬁlm give rise to interference eﬀects at discrete 
angles of incidence. These angles are called waveguide mode angles or resonant angles θm. 
Since light in conﬁned space can only exist upon constructive interference this means that, 
even though θ > θcritical is fulﬁlled, loss-less light guidance will only appear at discrete 
values of θ, viz. θm. Therefore, and unlike in free space, where light is propagating in 
every direction, optical waves in waveguides propagate only in a discrete set of states, the 
so-called (waveguide) modes. 
2.5.2 Zigzag wave model 
As described before the electric ﬁeld distributions within a layer are the results of the 
linear combination of light waves propagating through the multilayer system, refers to 
’zigzag’ mode. Of course, one may set up an eigenvalue problem from Maxwell’s equations, 
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and proceed to solve normal modes in the waveguide structure and the ﬁeld distribution 
associated with each normal mode20. Still another approach is the use of ray optics, 
where a ray of light is considered to be reﬂected between the top and bottom surface of the 
ﬁlm, following a zigzag path in the waveguide89,86,88. Even though this is not technically 
accurate, it provides an intuitive feel for how light propagates within a plane boundaries. 
Due to the fact that the slab waveguide involves plane geometry, the EM ﬁeld distribution 
in it can be analysed as a superposition of two plane waves. Representing each plane wave 
by an optical ray, or a wave vector, normal to the wave front, the actual ﬁeld problem can 
be converted to a problem of geometric optics. 
In this section the most descriptive explanation of the wave guiding phenomenon is given by 
employing ray optics, hence applying the zigzag-wave model 87. A plane wave is considered 
to propagate along the x-axis with inclination angle φ, as illustrated in ﬁg. 2.27. The 
wavelength and the wavenumber in the ﬁlm are n
λ 
F 
and k nF (k = 2λ
π ), respectively, where · 
λ is the wavelength of light in vacuum. The propagation constants along x and z (lateral 
direction) are expressed by β = k nF cos(φ) and κ = k nF sin(φ).· · · · 
Figure 2.27: Zigzag wave representation of light propagation in a planar optical waveguide. (for 
details see text)) 
Based on the zigzag wave model, and treating the waveguide as a thin-ﬁlm interferometer, 
the arising of a waveguide mode can be explained by constructive interference of reﬂected 
beams in the ﬁlm upon experiencing reﬂections at both boundaries. 
2.5.3 Waveguide modes 
Constructive interference among the guided beams occurs if the wave fronts are in phase 
after reﬂection at both boundaries, which is illustrated for the two wave fronts in points a 
and b in ﬁgure 2.27. The total phase shift between point a and b should be an integral 
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multiple of 2π to obtain a waveguide mode. As the ray A is totally reﬂected into ray B at 
the ﬁlm/substrate interface, the phase of the reﬂected light wave is advanced by φF,S at 
the point of reﬂection. The total reﬂection of ray B into ray A� at the ﬁlm/cover interface, 
again, causes the phase of the reﬂected light wave to be advanced by φF,C at the point 
of reﬂection. The above-mentioned phase shift for the totally reﬂected light is called the 
Goos-Hänchen shift58,83,32. This phenomenon of total internal reﬂection is discussed in 
greater detail in11. 
The total phase shift between the two points comprises the change in phase due to the 
optical path diﬀerence between point a and b, φΔS, and the phase shifts, φF,S and φF,C 
due to the reﬂections at the ﬁlm boundaries. The criteria for a waveguide mode can thus 
be written as: 
2πm = φΔS + φF,S + φS,C (2.69) 
where m = 0, 1, 2, . . . is the mode order. The phase shift due to the travelled distance from 
point a to b depends primarily on the refractive index of the waveguide ﬁlm and the ﬁlm 
thickness dF and is expressed by 87: 
φΔS = 2dF kn2 F − N2 (2.70)m 
where k = 2π/λ is the wave number in vacuum, with λ being the vacuum wavelength of 
the light used. Nm is the eﬀective refractive index given by nF sinθ. Because the guided 
light mode has a transverse amplitude proﬁle that covers all layers, the eﬀective refractive 
index Nm of each individual mode m is a weighed sum of the refractive indices of all layers: 
Nm = fN (nS , nF , nC , dF , λ,m, σ) (2.71) 
Here, nS , nF , nC are the refractive indices of the the substrate, ﬁlm and cover medium, 
respectively. dF is the eﬀective thickness of the ﬁlm. λ is the vacuum wavelength of the 
light used. m = 0, 1, 2, . . . is the mode order; and σ is the mode-type number that equals 
0 for transverse electric (TE), or s-polarised, and 1 for transverse magnetic (TM), or 
p-polarised modes. The value of N further depends on the mode’s power distribution (ﬁeld) 
among all layers. The phase shifts due to TIR at the two boundaries are given by 87,85: 
�� 
nF 
�2ρ � N2 2 � 
φF,S = −2arctan 
nS n2 F
m 
−
− 
N
n
2 
S (2.72) 
m 
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�� 
nF 
�2ρ � N2 2 � 
φF,C = −2arctan 2 m 
− nC (2.73)
nC nF − N2 m 
where ρ = 0, 1 represents, again, the TE and TM polarised case, respectively. 
Figure 2.28: Fundamental mode (m = 0) 
Figure 2.29: Higher order mode mode (m = 1) 
Except for Nm, all parameters of the mode equation are known. However, Nm, which is 
a normalised wave vector component along x, is given by kk x . The expression ’eﬀective 
refractive index’ appears because the phase velocity along x in the waveguide is v = .Nm 
Now the solutions Nm for a given waveguide conﬁguration can be calculated using the 
mode equation 2.69. 
In ﬁgure 2.30 mode curves are shown in a mode map, where Nm is plotted vs. ﬁlm 
thickness dF for a representative waveguide structure. Here the solid and dashed curves 
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Figure 2.30: Schematic illustration of the properties of the normal modes using a solid 1.5µm 
thick TiO2/glass waveguide in air as the example. It shows that ’airspace’, ’substrate’, and 
’waveguide’ modes have mode indices between 0 and ncover = 1, ncover = 1 and nsubstrate = 1.5, 
and nsubstrate = 1.5 and nwaveguide = 2.1, respectively. On the right side of the ﬁgure mode 
curves are plotted. The dashed and solid curves are representing TM and TE waveguide modes, 
respectively.This shows the presence of ﬁve TM and ﬁve TE ’waveguide’ modes. Each of the 
waveguide modes is the result of a ’zigzag wave’. 
are for the TE and TM modes, respectively. Each curve represents one waveguide mode. 
All mode curves start, at the left, from Nm = nS , and end, at the right, to Nm = nF , and 
are monotonically increasing functions from left to right. In order to allow a waveguide 
mode to propagate, a minimum thickness must be obtained, as indicated by the mode 
curve at Nm = nS . This speciﬁc thickness is called ’cutoﬀ’ thickness dcutoff . 
By gradually increasing the ﬁlm thickness from this ’cutoﬀ’ ﬁlm thickness it results in one 
to more supported guided modes of the same polarisation as the light, thus a single mode 
waveguide describes a waveguide in which one waveguide mode exists. In the case of a 
ﬁlm that can support two or more supported waveguide modes of the same polarisation 
the waveguide is being referred to as multimode waveguide. For a multimode waveguide 
several cutoﬀ thicknesses exists - one for each waveguide mode. These thicknesses are 
identiﬁed as the individual cutoﬀ ﬁlm thickness for a waveguide mode of mode order m. 
Referring to the examples in ﬁgure2.30 these cutoﬀ thicknesses are approximately 95 nm, 
400 nm and 695 nm for the 0th, 1st and 2nd order modes, respectively. 
Finally, at N1 = nS , θ is arcsin(max{nC ,nS } ) = θcritical,S,F , or the critical angle of the nF 
ﬁlm/substrate interface. This ﬁgure shows that, for θ < θcritical{S,F }, or Nm = max {nS , nC }, 
all waveguide modes are ’cutoﬀ’. In this region only ’substrate’ and ’air’ modes can exist, 
see ﬁgure 2.31. 
83 
2 Theory 
Figure 2.31: Shows various normal modes of the waveguide by considering a plane wave in the 
ﬁlm. In (a), the incident angleθi is smaller than the critical angle θcritical at the two interfaces. The 
light beam is refracted into both the substrate and the airspace forming an ’airspace’ mode. As θi 
increases, it eventually becomes larger than the critical angle at the air-ﬁlm interface. The light wave 
is then totally reﬂected at this interface forming a ’substrate’ mode (b). Finally, a waveguide mode is 
formed as θi becomes larger than the critical angle at the ﬁlm-substrate interface. In this case, the 
light beam appears as zigzag wave in the ﬁlm (c). 
In order to determine the value of the ’cutoﬀ’ ﬁlm thickness for any given mode of order 
m the thickness can be calculated from equations 2.69, 2.4, 2.3 and 2.13 by setting 
N = max {nS , nC }. 
= � 1 � arctan �� nF �2ρ � nmax 2 − n2 � + mπ � (2.74)
k nF − nmax nmin F − nmax 
dcutoff 
2 2 n2 2 
min 
with nmin = min {nC , nS } and nmax = max {nC , nS }. 
2.5.4 Excitation of Waveguide Modes 
For coupling laser light into (and out of) the waveguide structure in order to excite 
waveguide-modes, basically two classical techniques are available: (1) coupling by matching 
the spatial distribution of the incoming light beam to that of the waveguide mode, and (2) 
methods which couple the light by matching the wave vector k of the incident light with 
the wave vector m of a waveguide mode. Since each guided mode has a characteristic wave 
vector m which is aligned parallel to the waveguide sheet and points into the propagation 
direction. The eﬀective refractive index Nm for each mode is related to the wave vector 
by: βm = 2πNm/λ, with the wavelength λ of the propagating light. The need for coupling 
devices, i.g. prisms, for the excitation of these modes by laser light will be demonstrated 
in the following sections. 
In the ﬁrst technique, direct or transversal coupling, the light is coupled by focusing the 
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beam onto the polished endface of a waveguide to match the lateral ﬁeld distribution. Here 
no simple experimental selectivity for speciﬁc modes is possible, because no experimental 
adjustment parameter is available. Therefore, this method is not of particular interest for 
multimode systems as those presented in this thesis. 
However, the prism coupler, as already introduced in section 2.3.1and shown in Figure 
2.20, is of great importance for applications with optical multilayer systems. It matches 
the wave vector of the incoming light with the guided mode wave vector βm by increasing 
it with the help of the higher refractive index of the prism material np in comparison to air. 
Another relevant representative of light-coupling devices is (discussed separately in chapter 
8 ) the holographic grating. This particular method is wide-spread especially in integrated 
optical (IO) devices such as Lab-on-Chip platforms. The operation of a grating coupler is 
based on the matching of the wave vector βm of the m-th mode by adding or subtracting 
integer multiples n of the grating vector G; the latter is oriented perpendicular to the 
grating lines and has a length G = 2π/Λ, with Λ the grating spacing. The experimentally 
available parameter to adjust for resonant coupling for both, the prism coupler and the 
holographic grating coupler, is then the angle of incidence θi. 
As indicated above, prism coupling devices are mainly used to match the propagation 
constants of the impinging light kx and waveguide-mode βm, according to conservation of 
momentum. For a given angle of incidence the value of kx is always proportional to the 
refractive index of the surrounding medium. Therefore, in order to excite all existing modes, 
the excitation has to occur from a region of refractive index not lower than the refractive 
index np of the waveguide itself, which, however, is inconsistent with the waveguiding 
condition (follows from equation 2.69). 
ϕ > arcsin 
max {nS , nC } (2.75)
nF 
This contradiction, however, can be avoided if the waveguide-mode is excited via the 
evanescent, exponentially decaying EM ﬁeld. Equivalently to the procedure for the 
excitation of surface plasma waves, the evanescent ﬁeld can be realised with a glass prism 
wherein a light beam is totally internal reﬂected at its base (see ﬁgures 2.13 and 2.20). This 
evanescent ﬁeld, again, can now be utilised for evanescent ﬁeld coupling of the incident 
light into the waveguide ﬁlm to excite a mode of order m if the coupling condition 
knpsin(θ) = knF sinϕm (2.76) 
is fulﬁlled. Under ’ordinary conditions’ it is true that the creation of an evanescent wave 
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does not aﬀect the conservation of energy, i.e. the evanescent wave transmits zero net 
energy. However, if a waveguide medium with a higher refractive index than the second 
medium is placed within less than several wavelengths distance from the interface between 
the ﬁrst medium and the second medium, the evanescent wave will be diﬀerent from 
the one under ’ordinary conditions’ and it will pass energy across the second into the 
waveguiding medium (as shown in ﬁgure 2.13). 
On account of the reversibility of the light path, it is clear that in-coupled light may also 
be coupled out in the exact same manner. Accordingly, if light has to be guided over long 
distances, as it is the case for waveguides in optical communication applications, one has 
to make sure that the coupling condition, once the light is coupled in, are fulﬁlled no more. 
In those cases, the coupling device may only adjoin the waveguide by an area as small as 
possible, and, therefore, not allow the guided light to leave the waveguide structure. 
Two coupling conﬁgurations have been proposed to excite waveguide-modes optically by 
employing the evanescent ﬁeld created by a laser beam which is reﬂected oﬀ the base of 
a high refractive index prism. (1) In the Otto-conﬁguration2.32 (analogous to the Otto-
conﬁguration for excitation of SP64 an air-gap (nair@STP = 1.0002926)35 with a thickness 
of the order of the employed laser wavelength is adjacent to the prism base. Located on 
the other side of the gap is a high refractive index layer of (theoretically) optically inﬁnite 
thickness. TIR takes place for angles equal to or larger than the critical angle. Under 
the TIR condition, the evanescent ﬁeld at the prism base can tunnel across the dielectric 
spacer and excite waveguide modes within the high refractive index ﬁlm. The intensity 
of the reﬂected beam is monitored and, in the case of a multi-modal waveguide, each 
coupling condition appears as a minimum of the reﬂection intensity (see ﬁgures in 2.34 ). 
The reﬂected intensity is usually scaled by the incident intensity. This normalised quantity 
is called the reﬂectivity R (R := Ii ).Ir 
The tunnelling process is very sensitive to changes in the thickness of the gap and the 
thickness has to be chosen in accordance with the dielectric constant of the gap material 
in order to yield a high coupling eﬃciency. Thus the Otto conﬁguration requires the ability 
to build this three-component structure with high precision. For the study of adsorption 
processes, access to the dielectric layer is necessary in order to exchange material and 
introduce dielectric contrast. This demands an extremely thin ﬂow cell construction that 
can be disassembled and reassembled. This, however, combined with the fact that the 
Otto conﬁguration is very susceptible to thickness variations of the spacer layer introduced 
by dust particles etc. explains why the method is rather uncommon today. 
(2) The Kretschmann conﬁguration is the prevalent method today to couple light to 
86 
2 Theory 
Figure 2.32: Otto conﬁguration for light-coupling into a waveguide applies a prism with a thin metal 
air-gap between its base and the waveguide in order to totally reﬂect the laser light at the prism-base. 
During total internal reﬂection the light couples via evanescent wave into the waveguide given that 
the wave vectors match at angle θi, as illustrated on the right. 
waveguide modes (and widely used for surface plasmon excitation as well) because of its 
relative simplicity and robustness. As illustrated in ﬁgure 2.33, a laser beam is reﬂected 
oﬀ the base of a high refractive index prism and the reﬂected intensity is measured. 
Figure 2.33: Kretschmann conﬁguration for light-coupling into a waveguide utilises a prism with a 
thin metal layer (e.g. Au or Ag) between its base and the waveguide in order to totally reﬂect the laser 
light at the prism/metal interface. During total internal reﬂection the light couples via evanescent 
wave into the waveguide given that the wave vectors match at angle θi. 
Metal and low refractive index dielectric layers swap roles compared to the previously 
described method but with the advantage that the dielectric phase is readily accessible 
in the Kretschmann conﬁguration. A thin metal layer is located on the prism base, 
for example ∼ 50nm thickness for the combination of a gold ﬁlm and a helium-neon 
laser (λHeNe = 632.8nm), followed by a high refractive index dielectric. The metal layer 
thickness needs to be precisely controlled in order to obtain the most eﬃcient coupling to 
the excitation. If the metal layer is too thick and opaque to the EM ﬁeld, it will not reach 
the interface on the opposite side. This system is essentially a mirror. Its reﬂectivity is 
high but below total (R < 1) because of bulk absorption. If the layer, again, is too thin, the 
interaction with the electrons can not fully develop, too much intensity will pass through 
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the metal and propagate freely as a transmitted or a reﬂected wave. In this case, the 
refractive index contrast between prism and medium determines the reﬂectivity curve. 
The reﬂectivity is almost vanishing for angles smaller than the critical angle. It rises 
sharply at the critical edge located at θcritical, the onset of TIR. To excite the waveguide 
mode, i.e. to match the resonance condition, the layer needs to be thicker than this, but 
still thin enough for the ﬁeld to penetrate the dielectric half-space. For the appropriate 
metal ﬁlm thickness the resonances can be excited and the characteristic dips in the 
reﬂectivity scan appear if the power of the EM wave is nearly fully channelled into the 
waveguide-mode. 
A big advantage of these attenuated total reﬂection (ATR) techniques is the relative simple 
theoretical descriptiveness, since solely the reﬂection of a light ray at a multilayer system 
is considered, which is fully described by the set of Fresnel’s equations. 
Figure 2.34: Angular dependent Kretschmann scan curves for a multi-mode waveguide. The the 
reﬂected intensity (i.e. reﬂectivity) of p-polarised light (left) and s-polarised light (right) with air as 
surrounding medium is ﬁtted with a Fresnel simulation for reﬂections at multi-layer systems. 
2.5.5 EM field profiles 
A more accurate and complete understanding of the waveguiding phenomenon is provided 
by analysing light propagation in a waveguide in the form of normal modes with discrete 
ﬁeld distributions. The characteristic EM ﬁelds for TE and TM modes are determined 
by the mode order and can be obtained by solving Maxwell’s equations and the boundary 
conditions of the waveguide. Depending on the mode order, and based on the wave-
nature of light these are eigensolutions of the wave equation. In the following, the 
eigenvalue equation will be ascertained starting from Maxwell’s equations. For the wave-
optical examination the guided mode in the x-direction is understood as a standing wave, 
therefore the time dependence can be neglected. As light is only guided in the ﬁlm layer the 
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following formulation of the electric and magnetic ﬁelds, represented by their amplitude 
A, in the diﬀerent layers will be made. The geometry, again, allows a separation into TE 
and TM modes in the form of 
A1,y = A1 · e−k1,z (z−d) z ≥ d (2.77) 
= A+ ik2,z z + A− e−ik2,z zA2,y 2 e 2 0 ≤ z ≤ d (2.78)· · 
A3,y = A3 · e k3,z z z ≤ d (2.79) 
for A either being the electric ﬁeld E or the magnetic ﬁeld H. kz1 and kz2 are the wave 
vectors along the z-axis and d represents the adlayer (i.e. waveguide) ﬁlm thickness. The 
numbers 1, 2 and 3 are references to the media involved for z ≥ d , 0 ≤ z ≤ d and z ≤ d, 
respectively. 
At this stage, the continuity relation for the tangential components of E and H have to be 
fulﬁlled, which gives for z = 0, 
= A+A3 2 + A−2 (2.80) 
A+κ3,zA3 = κ2,z 2 − A2− (2.81) 
and for z = d 
A+2 e 
ik2,z z + A−2 e−ik2,z z = A1 (2.82) 
(A+ ik2,z 2 e−ik2,z z)− κ1,zA1 = ik2,z 2 e − A− (2.83) 
κ is deﬁned for a layer j as 
κTE j,z = kj,z (2.84) 
and 
κTM 
kj,z 
j,z = . (2.85)εj,z 
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Reﬂection coeﬃcients rrefl are deﬁned for both interfaces as the transversal ﬁeld, reﬂected 
at the interface, divided by the one that is incident. 
A+ refl 2 iκ2,z + iκ3,z r2,3 = A−
= 
iκ2,z − iκ3,z (2.86) 2 
A+ A−2 e
−ik2,z d iκ2,z + iκ1,zrefl 2 r2,1 = A−
= 
A+2 e
ik2,z d 
= 
iκ2,z − iκ1,z (2.87) 2 
The boundary conditions for both polarisation modes result in the same condition for the 
excitation of guided modes in a ﬁlm: 
r refl r refl e i2k2,z d = 1 (2.88)2,1 2,3 
Since the magnitude of the reﬂected beam cannot be larger than that of the incident 
wave and both reﬂection coeﬃcients have therefore absolute values, which can be written 
as rrefl = eiβ ; 1 = em2πi with m being an integer referring to the mode number. This 
reshaping of the formula leads to the eigenvalue equation for waveguide modes of the order 
m for non-absorbing materials: 
2k2,zd + β2,1 + β2,3 = m 2π (2.89)· 
The meaning of above stated equation is that guided modes can only exist if the phase 
changes due to reﬂectance at the interfaces β2,1 and β2,3 and the phase shift 2k2,zd, 
accumulated during travelling, add up to an integer multiple of 2π. For a given set 
of materials, and hence refractive index combinations, the only variable in the mode 
equation that is not ﬁxed is the ﬁlm thickness d. Thus, the number of eigenvalues, i.e. 
waveguide modes, only depends on the thickness of the waveguide layer. The characteristic 
wavevector of a guided mode is given by k2sin(θi) indicating that only for discrete angles 
of incident light (of both polarisation modes) can be optically guided. A detailed analysis of 
Maxwell’s equations also yields the optical ﬁeld amplitudes for each eigenmode. However, 
if a metal layer is introduced in the multilayer system, an exceptional case of guided modes 
can be observed; the surface plasma wave (SP), or surface plasmon (SP). This resonance 
phenomenon is rooted in the excitation of plasma waves at the metal-dielectric interface 1 
(for details referred to section 2.3). 
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2.5.6 Waveguide losses 
Guidance of optical waves can always be achieved through material combinations where 
a higher refractive index waveguiding material is embedded in a lower refractive index 
medium. Nevertheless, it is essential for these systems to guide light with losses as low as 
possible. Attenuation of guided modes can always be explained by: 
(1) Absorption losses in consequence of conversion of guided light intensity to another 
energy form (e.g. heat). Microscopic causes for adsorption losses include: (1a) Interband 
transitions, which appear if the energy of the light quantum is bigger than that of the 
energy gap between the valence and conduction band of the applied medium; in the case 
of ionic crystals the band gap is located at relatively high energies of several electron 
volts (eV), and this, again, leads to a so called UV-band edge. In these cases absorption 
starts not until the ultraviolet section of the light spectrum; in the case of oxide crystals 
mostly below λ = 400nm. (1b) Intraband transitions occur when impinging light leads to 
energy transitions within the energy band of a solid. This is of particular importance for 
semi conducting materials, where free charge carriers can absorb fractions of the light 
energy. (1c) Excitation of vibrational levels (phonons) of the lattice by light quanta in 
the infrared (IR) spectrum. (1d) Absorption by impurities and defects (colour centres); 
both lead to additional energy levels within the bandgap, thus result in adsorption bands 
caused by transition between these levels and therefrom into the conduction or valence 
band. Especially traces of transition metal ions with there adsorption bands, depending 
on the actual ion, distributed throughout the whole UV-VIS-NIR. Therefore it is of great 
importance to take special care of pure materials and careful preparation. 
(2) Mode coupling losses as a result of coupling of the considered mode into another 
mode (e.g. into the spectrum of radiation modes) which includes scattering losses. It 
turns out to be reasonable to distinguish between volume- and surface-scattering. (2a) 
Volume-scattering occurs due to refractive index inhomogeneities in the waveguide, which 
can be ascribed to material inhomogeneities. Already a quite simple approach to describe 
the refractive index of such an inhomogeneous material with the Lorenz-Lorentz theory 
leads to: 
ε� − 1 n2 − 1 1 � ¯ 
ε� + 2 = n2 + 2 = 3ε0 
Nj α˜j (2.90) 
j 
with the particle density N¯ j and the polarisability α˜j of the component j of the solid. All 
ﬂuctuations in the density cause N¯ j , and in the composition additionally through α˜j , to 
refractive index ﬂuctuations. Based on classical electrodynamics the scattering losses can 
be estimated by treating the refractive index ﬂuctuations Δn in a small volume ΔV as 
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miniature dipoles. Applying the theory of Hertz’s Dipols, and additionally summarising 
all scattering fractions, thus assuming Rayleigh-scattering, gives the value for the total 
losses. In general the volume-scattering losses can be minimised by choosing light of the 
optimal wavelength, according to the material dispersion. Surface-scattering appears due 
to excitation of radiation modes at surface and interface inhomogeneities, respectively. 
These losses are proportionally increasing to the square root of the surface (and interface) 
roughness over the square root of the wavelength of applied light. 
Besides attenuation of the guided light intensity, volume- and surface-scattering inﬂuence 
(due to the scattered light) sensitivity, resolution and dynamic of most optical elements. 
As indicated above, absorption of light energy may happen in a variety of ways. In many 
cases these loss mechanisms are even dependent on the wavelength of the applied light 
source. According to the EM theory of guided waves it is possible to describe absorption 
losses by an imaginary part ε�� of the complex dielectric constant ε˜: 
ε˜ = ε� + iε�� (2.91) 
For optical waveguides in general, material combinations are chosen with an imaginary 
part ε�� being as small as possible compared to the real part ε�. Thus the propagation 
properties are determined only by ε� or rather the real refractive index n. An exception 
of this are material combinations involving metals. In the case of metals (i.e. conductive 
materials), the contribution of the conductivity has to be taken into account: 
ε˜ = ε� + i ε�� + σ (2.92)
ω 
where σ is the conductivity, ω is the angular frequency of the light. 
Optical waveguides in the systems used in this thesis involve metal layers within a 
multilayer structure. In many cases thin gold ﬁlms are applied as electric conductive layer 
or as self-assembly surface. A special problem involving metal ﬁlms in optical systems is 
given if TM-polarised light is impinged upon the metal layer. Under certain conditions the 
SP resonance phenomenon can be observed, due to the interaction of the TM-polarised 
light wave with the free electrons in the metal. In this special case the light energy is 
coupled to the collective oscillation of the free electrons of the metal at the semi-inﬁnite 
metal-dielectric interface. 
Therefore, the following sections will go into more detail on this topic. Metals, however, 
possess a complex refractive index n˜ = n+iκ. Here, n is the real refractive index indicating 
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the phase velocity, while κ is called the extinction coeﬃcient, which indicates the amount 
of absorption losses when the EM wave propagates through the material. 
Assuming a multilayer waveguide conﬁguration with the dielectric constants for the 
individual layers being: 
ε˜j = (nj + iκj )2 , j = 1, 2, 3, ..., n (2.93) 
and therewith, because of ε˜j = ε�j + iεj��: 
Re εj = ε�j = n 2 j − κ2 j (2.94) 
Im εj = ε��j = 2nj κj (2.95) 
2.5.7 Continuous refractive index profiles 
Integrated optics methods frequently deals with continuous refractive index proﬁles in 
waveguide structures, caused by the production process itself and by reversible diﬀusion 
processes, respectively. These inhomogeneities only in the fewest cases correspond to 
step-like gradients, but more often form inhomogeneous gradients. Computation of the 
ﬁeld distributions with the matrix-method is not restricted to homogeneous layers, but 
also possible for refractive index gradients within these layers. Therefore, the next section 
will discuss the possibility of monitoring continuous refractive index proﬁles. As illustrated 
before, the multilayer-matrix-formalism oﬀers a numerical method to describe reﬂection-
and transmission-coeﬃcients as well as propagation-coeﬃcients of guided waves within 
optical multilayer-systems. Therefore, a continuous refractive index proﬁle n(z) can be 
modelled precisely by assuming the gradient consisting of N individual fractions, i.e. 
N inﬁnitely thin layers N → ∞, each N with a constant refractive index. Accordingly, 
a variety of approximation methods have been developed, allowing the calculation of 
propagation-coeﬃcients and ﬁeld-distributions. However, most of these methods are 
based on the quantum theory-related WKB-method (Wentzel, Kramers, Brillouin)59,22. 
The matrix-formalism is also well-suited to be used to model a refractive index gradient. 
The fractionising of a given (exponential) refractive index gradient into N = x layers is 
illustrated in Figure 2.35. For that reason, the following values are set for the waveguiding 
structure: 
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⎧ ⎪⎨ ⎫ ⎪⎬1
 , z < 0

, z > 0

(2.96)n(z) =
⎪⎩ nS +Δne−z ⎪⎭a 
Where nS is the refractive index of the waveguide substrate, Δn is the refractive index step 
on the surface and a is the penetration-depth of the proﬁle into the substrate, sketched 
on the z-coordinate. The half-space a < 0 is set to be air with n = 1, while x > 5a is the 
region of the waveguide substrate where n(z) = nS . 
ni = n(zi) (2.97) 
zi = (i − 1/2)Δd (i = 1, 2, ..., N) 
Figure 2.35: Illustration of a gradually decreasing refractive index gradient 
In practise, the way of looking on this problem is inverse; from experimental data (mode­
indices Nm) or reﬂection spectra the refractive index proﬁle has to be determined. 
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3.1 General Reagents 
• Cis-diisothiocyanato-bis(2,2’-bipyridyl-4,4’-dicarboxylato)ruthenium (II)bis-(tetrabutylammonium) 
(Solaronix, Ruthenium 535 bis-TBA), • titanium-(IV)-isopropoxide (Aldrich, 99.9%), • 2­
propanol (Aldrich, anhydrous 99.8+%), • ethanol (Aldrich, anhydrous 99.8+%), • glacial 
acetic acid (BDH, 100%) • Carbowax (Riedel-de-Haen, Carbowax 2000), • I−/I3
− electrolyte 
solution, • primer silane (Microposit UN 2924, Rohm and Haas Electronic Materials), • thin­
ner solution (Microposit EC-solvent, Shipley), • developer solution (ma-D 330, microresist), 
• 16-mercaptohexadecanoic acid (Aldrich). 
All reagents were used as received without further puriﬁcation. 
3.2 Glass Substrates 
The substrates (25 × 38 × 2.5mm) were chosen in order to fulﬁl the optical properties 
necessary to produce a multimode waveguide as described in the section before. Three 
diﬀerent types of glass prisms and corresponding glass slides were used: 
• fused silica: LITHOSIL-Q (Schott) with a low refractive index n632.8 = 1.45699 and high 
internal transmittance τi(25mm) = 0, 999 at λ = 632.8nm. Its dispersion is described with 
the following constants3 (B1 = 6.7071081 10−1 , B2 = 4.33322857 10−1 , B3 = 8.77379057· · · 
10−1 , C1 = 4.49192312 10−3µm2 , C1 = 1.32812976 10−2µm2 , C1 = 9.58899878 101µm2)· · · 
by the Sellmeier equation. 
• borosilicate crown glass: BK7 (Schott) with a low refractive index n632.8 = 1.51509, 
internal transmittance τi(25mm) = 0, 994 at λ = 632.8nm. Its dispersion is described with 
the following constants3 (B1 = 1.38121836, B2 = 1.96745645 10−1 , B3 = 8.86089205 10−1 ,· ·
C1 = 7.06416337 10−3µm2 , C1 = 2.33251345 10−2µm2 , C1 = 9.74847345 101µm2) by the · · · 
Sellmeier equation. 
• dense lanthanum ﬂint: LaSFN9 (Schott) with a high refractive index n632.8 = 1.84498, 
internal transmittance τi(25mm) = 0, 982 at λ = 632.8nm. Its dispersion is described 
with the following constants3 (B1 = 2.00029547, B2 = 2.98926886 10−1 , B3 = 1.80691843,· 
C1 = 1.21426017 10−2µm2 , C1 = 5.38736236 10−2µm2 , C1 = 1.56530829 102µm2) by the · · · 
Sellmeier equation. 
The Sellmeier equation is an empirical relationship between refractive index and wavelength 
for a particular transparent medium. The equation is used to determine the dispersion of 
light in the medium. It was ﬁrst proposed in 1871 by W. Sellmeier, and was a development 
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of the work of Augustin Cauchy on Cauchy’s equation for modelling dispersion. The usual 
form of the equation for glasses is: 
n 2(λ) = 1 + B1λ
2 
+ B2λ
2 
+ B3λ
2 
(3.1)
λ2 − C1 λ2 − C2 λ2 − C3 
where n is the refractive index, λ is the wavelength, and B1,2,3 and C1,2,3 are experiment­
ally determined Sellmeier coeﬃcients3. These coeﬃcients are usually quoted for λ in 
micrometres. 
Figure 3.1: The Sellmeier equation gives the refractive index of transparent media with accuracy 
better than 10−5 for wavelengths ranging from λ = 200 − 1200nm. The plot shows the calculated RI 
values of glass material used in this thesis. 
3.2.1 Cleaning 
The glass components served as substrates for observation and measurement of interaction 
with light, therefore, to ensure high quality photometric measurements, great emphasis 
was placed on the cleanliness. The cleaning of all components was of great importance, as 
it required the complete removal of all contaminants without causing any damage to these 
delicate and high-quality optical components. On that account, a standardised cleaning 
procedure was developed. Most eﬀective was the careful treatment with alkaline detergent 
solution (Hellmanex®, Hellma) (pH values at dilutions of 0.5%: 11.6 at 1.0%: 11.8 at 
2.0%: 12.0), suﬃcient rinsing (15 repetitions), alternately in ultra pure water (Milli-Q®, 
ϱ ≥ 18.2 MΩ cm−1 at 25 °C, Millipore) and ethanol. Ultrasound improved the cleaning 
process noticeably, especially at higher temperatures. However, powers that were too high 
or cleaning durations that were too long did result sometimes in damages by cavitation, 
especially if the glass was placed on the bottom of the cleaning bath. Finally, the glass 
was blown dry in a stream of nitrogen or heating at 90°C in a vacuum oven. 
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3.2.2 Plasma-Treatment 
In order to obtain high quality multilayer systems it was essential to clean the glass slides 
carefully (according to 3.2.1). Therefore, the glass slides were further treated with O2/Ar 
plasma using a Type 200-G plasma cleaner (Technics Plasma GmbH ) with a maximum 
output power of 300W at pressures of approximately 50mbar. 
The non-equilibrium, high frequency plasma was generated with a gas mixture of 25% 
oxygen and 75% argon. Free electrons were accelerated to high velocities by an oscillating 
electromagnetic ﬁeld (13.56 MHz) that excited gas atoms and created the plasma. Cleaning 
was carried out by reactive gas compounds formed by the plasma chemically reacting with 
organic material on the specimen and specimen holder. The plasma ions impinged upon 
the surface with energies of less than 12eV, which was below the sputtering threshold of 
the glass materials. 
3.2.3 Thermal Evaporation of Metals 
Subsequently after the plasma cleaning, the glass slides were mounted in a high vacuum 
coating plant (Edwards). The vacuum chamber was allowed to evacuate to < 4 10−6 mbar· 
before the prim surface of the glass slides was coated with a ca. 50nm thick gold ﬁlm by 
thermal evaporation of 1-2 gold beads. Optimal thickness of the gold ﬁlm was achieved 
when 125mg or ca. 3.3cm of Au wire (99.9999%, d = 0.5mm) were put into the evaporation 
basket. In order to ensure suﬃcient adherence 2nm of chrome was evaporated between 
the glass and the gold as an adhesion layer. The evaporation rate for the ﬁrst 10nm of gold 
was chosen to be as low as 0.1nm/s so as to assure enduring peel strength. Thereafter 
the evaporation rate was increased to 1nm/s in order to achieve a smooth metal surface1. 
After the evaporation procedure the samples were left in high vacuum for at least 25min 
allowing the fresh metal layer to cool to room temperature. Although the evaporated ﬁlm 
thickness was monitored by a highly precise quartz crystal micro-balance, the ﬁnal layer 
thickness on the substrates had slight variations due to the sample position in the holder. 
Therefore, the evaporation process was always terminated at an average value of 50nm. 
3.2.4 Annealing and Post-Treatment 
To improve the optical properties of the gold ﬁlms, annealing was performed for 90 seconds 
at 500°C. Prior to surface functionalisation the slides were irradiated for 10min in heavy 
UV-light at RT. Finally, the slides are immerse for 10 minutes in 1mmol/L ethanolic 
solution of 16-mercaptohexadecanoic acid (Aldrich, 90%, M = 288, 5g/mol). 
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Figure 3.2: The cross-section of the high-vacuum apparatus illustrates the process of thermal 
evaporation of metallic gold. Gold is sublimated in the electrically heated source basket and 
evaporated onto the sample surface. The gold vapour spreads out uniformly in the whole volume of 
the chamber. The rate of evaporation and the total amount of deposited gold is measured by a quartz 
crystal micro-balance (QCM) and can therefore be terminated at the target layer thickness. 
3.3 Preparation of Colloidal Nanocrystalline Titania 
The general preparation protocol common to all the experiments involving colloidal nano­
crystalline TiO2 thin-ﬁlm is outlined here. Other synthetic and preparative approaches 
for speciﬁc experiments are described separately in the corresponding section. 
Aqueous based titanium dioxide colloidal sol was prepared by adding a mixture of 1 
mL of 2-propanol (Aldrich, anhydrous 99.8 +%) and 3.7mL of titanium-(IV)-isopropoxide 
(Aldrich, 99.9) drop wise over 30 min to 8mL of glacial acetic acid (BDH, 100%) and 25mL 
of deionised water in a conical ﬂask at 0°C. The solution was allowed to return to room 
temperature and stirred for 8 hours at 80°C. The so obtained gel-like sol was then 
transferred to a PTFE lined titanium autoclave (Parr, General Purpose Acid Digestion 
Bomb, Model No. 4744) and heated at 230°C for 12 hours. When cool the sol was removed 
from the autoclave, sonicate for 15 minutes in a sonic bath (KERRY, 250W ultrasonicator). 
The solution was than concentrated to 150g/L on a rotary evaporator (BUCHI, R-114). 
Finally, 0.4g of Carbowax (Riedel-de-Haen, Carbowax 2000) was added and the mixture 
was allowed to stir for at least 12 hours before use. 
3.3.1 Application of Titania Nanoparticle Films 
In order to reduce contamination of the surface due to airborne dust ﬁlm preparation was 
done, as far as possible, in a laminar-ﬂow-box guaranteeing particle free environment 
during processing, preparation or storage. 
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The gold-coated slides were gently rinsed with ethanol, dried in a stream of nitrogen and 
ﬁxed on a plane surface with two strips of tape (Scotch®, Magic TM Tape). This tape was 
chosen because it can easily be removed from the glass without leaving traces of adhesive 
materials. As illustrated in ﬁgure 3.3, a glass rod was used to rapidly spread the colloidal 
sol evenly across the gold surface, making a clean and transparent ﬁlm. The ﬁlm thickness 
was determined by the height of the tape that is used to ﬁx the substrates, and, of course, 
the viscosity of the paste itself. A slow dry-out of the solvent and a subsequent sintering 
step was necessary to ensure optimal adhesion of the titanium dioxide layer onto the gold 
ﬁlm. 
Figure 3.3: Application of TiO2 thin-ﬁlms 
After complete evaporation of the solvent the colloids formed a smooth ﬁlm which was than 
ﬁred in the air jet of a hot-air gun at 500°C for 30 min, resulting in average ﬁlm thicknesses 
from 1.2–1.7µm. This thermal treatment allowed the titanium dioxide nanocrystals to 
sinter partially together, in order to ensure electrical contact and mechanical adhesion on 
the glass. While heating up (e.g. rate: 100°C ), the ﬁlms ﬁrst turned brownish (sometimes min 
they released fumes), and later turned yellowish-white due to the temperature dependent 
band-gap narrowing in the pure titanium dioxide (anatase). This indicated the sintering 
process being completed and the cooling rate was chosen (ca. 100°C ) to avoid cracking of min 
the glass. 
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3.4 Preparation of Titania Nanotubes 
3.4.1 Surface treatment 
Titanium nanotube samples were prepared from 0.1mm thick titanium foils (99.6% purity, 
Goodfellow). Prior to any further steps the foils were degreased by sonicating in acetone, 
isopropanol, and methanol, then rinsed with deionised water and dried in a nitrogen 
stream. After this pre-treatment a three-step preparation procedure was applied to the 
titanium foils in order to mechanically polish the substrates to a mirror ﬁnish. The protocol 
is listed in table 3.1 below. 
Step Surface/Abrasive RPM Direction Load (lbs.) Time (min.) 
1 Wet grind with 
320 grit SiC paper 
240 Comp. 6 (27N) U.P. 
2 Rough polish with 
9µm METADI paste on 
an ULTRA-POL silk cloth* 
120 Contra. 6 10 
3 Final polish with 
MASTERMET 2 colloidal silica** 
120 Contra 6 10 
on a MICROCLOTH pad 
Notes:

Load - per specimen,

Comp. - head rotates in the same direction as the platen,

Contra. - head rotates in the direction opposite that of the platen,

U.P. - until surfaces are coplanar,

* METADI Fluid used as coolant/lubricant,

** For alpha titanium alloys and for pure titanium, add an attack polishing agent to the colloidal silica

Table 3.1: Three-Step procedure applied to the titanium foils in order to mechanically polish the

substrates to mirror ﬁnish.

The polished samples were then cleaned in three 5 min steps in ultrasonicated acetone, 
2-propanol, and ﬁnally ultra-pure water and then dried in a ﬂowing N2 stream and used 
immediately for electrochemical treatment. 
3.4.2 Electrochemical treatment 
After cleaning and polishing, the titanium foil samples were pressed against an O-ring 
in an electrochemical cell (shown in ﬁgure 3.4), leaving 1cm2 exposed to the electrolyte. 
The electrochemical setup consisted of a conventional three-electrode conﬁguration with a 
platinum gauze as a counter electrode and a Haber–Luggin capillary with Ag/AgCl (1M 
KCl) as reference. 
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Figure 3.4: Proportional drawing which was made in order to produce the components for the 
anodisation cell. The left sketch shows the bottom part of the cell with the circular hole, which 
determines the area of the titanium foil exposed to the electrolyte solution. The right sketch displays 
the top part of the cell, which tightly ﬁts the bottom part, providing a central circular opening for the 
stirrer and an opening allowing for the connection of the electrode. The components were milled from 
solid PTFE blocks. Not shown is a 1cm high copper block, which was used as the opposite electrode 
at he bottom of the cell. 
Electrochemical experiments were carried out at room temperature using a high-voltage 
potentiometer Jaissle IMP 88. The electrolyte was 1M (NH4)2SO4 with the addition of 
small amounts of NH4F (0.5–5 wt.%). All electrolytes were prepared from reagent grade 
chemicals and deionised water. The electrochemical treatment consisted of a potential 
ramp from the open-circuit potential (OCP) to 20V with a diﬀerent sweep rate followed by 
holding the applied potential at 20V for diﬀerent times. For the purpose of precise control 
and reproducibility of the protocol a simple software was programmed. 
After the electrochemical treatment the samples were rinsed with deionised water and 
blow-dried with nitrogen stream. 
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3.5 Structural Characterisation 
3.5.1 Scanning Electron Microscopy (SEM) 
In SEM, the electron beam is emitted from a heated ﬁlament or ﬁeld emission tip. The 
electrons are accelerated by an electric potential in order of 1–400kV . A condenser lens 
projects the beam from the source onto the condenser aperture. The beam is focused by 
an objective lens and raster-scanned by scanning coils over the sample. The spot size of 
the primary electron beam determines the resolution of the instrument. When the primary 
electrons hit the sample surface, they pass part of their energy to electrons in the sample, 
resulting in the emission of secondary electrons. This secondary electrons are collected by 
a detector and their intensity is displayed versus the position of the primary beam on the 
sample. The secondary electrons are viewed on a cathode-ray tube (CRT) 2. 
SEM characterisation of all samples and titania ﬁlms in this thesis was performed on a 
LEO 1530 Gemini ﬁeld emission SEM. To avoid surface charging, the SEM was operated 
between 1–3kV . Additionally, the samples needed to be made conductive, by connecting 
the titania ﬁlm with the metal part of the sample holder. This was achieved with thin 
(ca. 2mm) stripes of standard carbon conductive adhesive tabs with the total thickness 
of 125µm. These tabs are solvent free and cause no parasitic out-gassing in the vacuum 
chamber. 
3.5.2 Atomic Force Microscopy (AFM) 
A Dimension 3100 AFM ((Digital Instruments/Veeco Metrology, USA) ) with a nano-scope IV 
controller and a 15x15 µm scanner was used to investigate holographic gratings, periodic 
structures, either etched into glass slides or produced on polymeric substrates by means of 
hot-embossing. All images were acquired in Tapping Mode AFM in ambient environment. 
Silicon Probes were used for tapping mode AFM applications, where the tip and the 
cantilever were an integrated assembly of a single crystal silicon, produced by etching 
techniques. Only one cantilever and tip was integrated with each substrate. The spring 
constant of the tips was 33.9−40.9N/m and the resonance frequency was 222.3−297.0. 
3.5.3 Profilometry 
A computerised Tencor Alpha Step 200 proﬁlometer was used to investigate the thickness 
and the surface morphology of the thin-ﬁlms ﬁlms. The P-10 is a stylus proﬁlometer, 
which makes use of a sharp stylus ( 2 µm tip radius) to measure the surface topography 
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Figure 3.5: Tapping Mode AFM - Silicon Probes from single crystal silicon, produced by etching 
techniques. 
precisely. The stylus was held at a ﬁxed position, while the sample was scanned. The 
ﬁlm thickness was determined by scanning the edges of several scratches, which were 
produced by moving a needle across the ﬁlm while applying gentle pressure. 
3.6 ATR Setup 
The ATR-setup, developed and optimised in the course of this work, was designed to support 
both surface plasmon resonance spectroscopy (SPR) and optical waveguide-spectroscopy 
(OWS) in an ’easy-to-handle’ design. Furthermore, it was built to support both, SPR and 
OWS measurements, either in the Kretschmann-conﬁguration via evanescent coupling 
through attenuated total internal reﬂection or by means of a holographic grating coupler. 
Figure 3.6 shows a scheme and ﬁgure 3.7 a photograph of the experimental setup in its 
θ − 2θ layout. In such an arrangement, the prism was rotated relative to a spatially ﬁxed 
light beam in order to vary the angle of incidence. The detector, positioned to measure 
the reﬂected light intensity, thus has to move twice the rotation angle of the prism. The 
motorised and computer-operated two-goniometer alignment (ﬁgure 3.6) (Huber, Germany, 
One Circle Goniometer 410) managed the θ − 2θ movement for both the prism and the 
detector. The setup was operated in reﬂection mode, in which the sample was illuminated 
from below, through the gold layer, while the reﬂected intensity was measured as a function 
of the angle of incidence θ. Measuring the reﬂectance resulted in a clear dip in the reﬂected 
intensity at an angle of incidence that matched the mode resonance angle (θi,m). The 
typical time-resolution was 1s, maximal 0.2s. The repeat accuracy of the setup for the 
determination of θi,m amounts to ±0.005° for the coupling angle (standard deviation for 
successive measurements) with a HeNe laser light source with very high spectral purity 
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and maximum power output of 5mW (Uniphase, model 1125, HeNe λ = 632.8nm ). Two 
Glan-Thompson prisms were applied as polarising beam splitters in order to allow for 
an easy selection of TM or TE polarised light. All constituents of the setup were ﬁxed to 
an optical table (Melles Griot, Cambridge, UK). The legs supporting the tabletop had air 
suspension mechanisms reducing practically all vibrations by two orders of magnitude 
and allowing for label-free low sensitivity measurements. 
Figure 3.6: Schematic illustration of the experimental setup in its θ − 2θ layout. The angular scan 
range is implied to give a visual understanding of the measurement principle. 
3.6.1 General Description 
In order to strike both the sample and the photo diode, the light path was constructed by 
diversion of the laser beam with a number of tilted mirrors. Rectangular intensity modula­
tion was accomplished by a chopper wheel (EG&G Instruments, model 651, Wokingham, 
UK, light chopper controller: EG&G Instruments, model 650) (ﬁgure 3.7 CW), modulating 
the light at 1130Hz and providing a reference signal for the lock-in ampliﬁer (EG&G 
Instruments, 7265 DSP) (ﬁgure 3.7 LI). The ﬁrst polariser (ﬁgure 3.7 P1) was used to adjust 
the intensity of the incident light and the second one (ﬁgure 3.7 P2) to ensure that only 
light in the desired polarisation (i.e. TE or TM) reached the sample. The ﬁlm of interest was 
formed on top of a ca. 50nm gold ﬁlm deposited on the LaSF 9 glass slide (Schott Glass, 
Germany) that was index-matched to the refractive index of the LaSF 9 prism (Hellma, 
Germany) (ﬁgure 3.7 GP) by a thin layer of index matching ﬂuid (Cargille Laboratories Inc., 
n = 1.700 ± 0.0002). For the actual measurement, immersion oil with approximately the 
same refractive index as the (glass-) substrate (nBK7 = 1.5151; nLaSF 9 = 1.8449, etc.) was 
used. A small amount (1 drop) of the oil was applied on the bare side of the substrate, 
which was then brought into contact with the prism. Finally, after impinging onto the 
gold surface, the reﬂected light beam was focused by a collecting lens (f = 50mm) and 
the intensity was measured by a Si-photo diode (200mm2 active area, dark current type. 
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5nA, Hamamatsu, Hamamatsu City, Japan) (ﬁgure 3.7 PD) as a function of the angle 
of incidence θi. The distance to the photo diode was chosen in a way that the reﬂected 
beam arrived on the diode surface at its focal point. This complete setup and the data 
acquisition were computer controlled (ﬁgure 3.7 PC). 
LS: laser source, LP: laser power supply, CW: chopper wheel, MC: monochromator, AM1: aligning 
mirror, AM2: aligning mirror, AP1: aperture plate, P1: polariser, P2: polariser, AP2: aperture 
plate, GP: glass prism, FC: ﬂow chamber, AP3: aperture plate, FL: focusing lens, PD: photo 
detector, LI: lock-in ampliﬁer, CG1: circle goniometer, CG2: circle goniometer, GC: computer 
operated goniometer control, PC: computer used to control the experiment and for the data 
acquisition. 
Figure 3.7: Photograph of the experimental ATR setup. Detailed information about the setup is given 
in the text. For measurements of the reﬂected intensity as a function of the angle of incidence Θ the 
light beam from the monochromator M is used. The angle of incidence Θ is measured between the 
normal of the gold surface and the respective light beam. 
3.6.2 Alignment 
In order to align the system, ﬁrst of all the light beam was adjusted by employment of two 
aperture plates (Ovis, iris diaphragm, ∅ = 25mm). The laser beam was directed through 
the two apparatus so that it hit the axis of rotation of the goniometer. 
After the light beam was aligned as described above, one aperture plate was taken oﬀ 
and positioned in close approximation to the photo diode, in order to align the beam path 
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after the laser beam has been reﬂected from the prism base to hit the active area of the 
photo diode throughout the whole angular range of movement. Therefore, the detector 
motor (2θ-goniometer) was rotated to parallel orientation to the incident laser beam, 
forming a 180◦-angle to it. Now, height and orientation of the photo diode was adjusted. 
Subsequently, the detector motor was moved perpendicular orientation to the incident 
laser beam, forming a 90◦-angle to it. Accordingly, the sample motor (θ-goniometer) was 
moved to form half the angle to the incident laser beam, i.e. 45◦-angle. At this position 
one face of the prism was orientated perpendicular to the laser light, reﬂecting a fraction 
back. This back-reﬂex had to be aligned to travel exactly at the incident light’s axis. 
The probing area, at the base of the prism, covered by the light beam amounted to several 
square millimetres at typical angles of incidence. Since the photo diode collect all reﬂected 
light from any beam the measurements represented an average over this area. If, however, 
during the rotation of the goniometer motors a movement of this spot was observed, then 
the prism stage has to be adjusted in its x-z-axis (in the plane of incidence). 
Although the position of the light beam was once optimised for measurements, in general a 
slight readjustment for each individual experiment was necessary in order to compensate 
possible variances which may be caused by the mounting of the new sample. 
3.7 Sample Mounting 
The procedure presented in the following section was developed within the framework of this 
thesis to allow for an ’easy-to-handle’ sample transfer without the need for reconstruction 
or readjustment of the whole setup. A multiple-cartridge mounting system was developed in 
the course of a diploma thesis which allowed the support of either prism- or grating-coupled 
probes for the excitation of resonance modes, using either the well-known Kretschmann 
prism coupling conﬁguration or optionally a holographic grating coupling method. All 
samples discussed in the framework of this thesis were prepared according to this 
procedure. 
3.7.1 Flow cell and Liquid Handling 
Despite evidence that microﬂuidics- (e.g. Biacore sensor) and cuvette-based (e.g. IAsys 
sensor) optical detection systems provided basically equivalent opportunities for the 
detection and quantiﬁcation of macromolecular interactions, the decision was made to still 
use a microﬂuidics ﬂow cell for liquid sample delivery. Its distinctive function principle 
resulting in uniformly delivered analyte over the time, and according reduction of eventual 
111 
3 Experimental 
Figure 3.8: A cartridge, supporting the prism coupler for mode excitation in Kretschmann conﬁguration 
(left). The scheme in the middle shows the universal support unit loaded with a cartridge for prism-
based coupling (alternative design). The support unit is equipped with a Peltier-Element, allowing for 
computerised temperature control of the experiment. The illustration on the right shows the equivalent 
design of a cartridge foe substrates with grating coupler. The picture also gives an insight into the 
cartridge, showing the suspended support for the solution ﬂow cell (common to all cartridge versions), 
which is tightly ﬁt onto the sample when the cartridge is closed. 
mass-transfer processes, and nevertheless the need for only small quantities of sample 
made it the system of choice. 
In the early stage of this project, a simple fused silica ﬂow cell with a volume of 85µL 
was used (see ﬁgure 3.9). The cell was connected with Tygon® tubings (R-3603 Norton 
Ver) with an inner diameter (∅ = 0.76mm) to a peristaltic pump (Rego Analog, Ismatec) 
allowed the ﬂow rate to be adjusted. Before every experiment, the ﬂow cell was washed 
thoroughly and then connected supplied with new Tygon® tubes in order to avoid sample 
contamination. 
The actual sample was contained in an EppendorfTM tube (1mL) and two needle ends 
(∅ = 1mm) were inserted in its lid for injection. A representation of the ﬂowing system is 
schematically illustrated in ﬁgure 3.9. The circulating volume was approximately ∼ 400µL 
of sample solution, with a circulation rate of 4 mL , ensuring optimised analyte delivery min 
and minimising the sheer force above the sample, thus increasing mass transport. The 
ﬂow cell was placed perpendicularly onto the substrate with its inlet at the bottom and 
the outlet on the top, in order to remove the miniscule stagnant air bubbles aggregating 
during extended measurements. The ﬂow chamber was sealed with two Viton® O-rings 
against the substrate and the fused silica cover slide (Herasil, Schott Glas). 
In a later stage of the project a new liquid handling system was designed and introduced. 
The ﬂow cell was developed in cooperation with Hellma® to provide laminar ﬂow and 
minimal consumption of the analyte solution, and furthermore, to ﬁt the aforementioned 
multiple-cartridge mounting system. These ﬂow cells were made of fused silica glass to 
ensure optimal optical properties in the UV/Vis spectral range (see section 3.2). Various 
112 
3 Experimental 
Figure 3.9: Schematic illustration of the early ﬂow cell and the principle assembly of the liquid 
handling for sample delivery from solution. 
ﬂow cell volumes were available in a range from 2µL to 20µL. In order to avoid (polymeric) 
sealing components to be in contact with either the sample or the analyte solution, the 
frame of the plane front side (facing the sample) of the fused silica cell was microscopically 
roughened and therefore self-sealing when pressed against the sample. Both, in- and 
outlet were located on the backside, and ﬁt with 10cm long Teﬂon® tubings, glued to the 
fused silica. The tubing endings were equipped with standardised Omniﬁt® connectors. 
Figure 3.10: The new design of the ﬂow cell, compatible with the developed multiple-cartridge system. 
3.8 Measurement Procedure 
In this section a detailed description of the measurement procedures used in this thesis 
is presented. The text is divided into (3.8.1) calibration and angular correction, (3.8.2) 
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Resonance scan curves, discussing SPR- and optical waveguide-spectroscopy, and (3.8.3) 
time-resolved measurement techniques, discussing the diﬀerent modes provided by the 
control program to monitor kinetics. 
3.8.1 Calibration and Angular Correction 
Figure 3.11: Measurement of the reﬂected intensity at an interfaces glass/air and glass/water 
in Kretschmann coupling geometry in dependence of the angle of incidence as determined by the 
goniometer reading. The steep increase in intensity indicates the transition to total reﬂection. 
For reliable comparison of reﬂectivity measurements with Fresnel-calculation of a simulated 
layer system the angle of incidence had to be exactly known. For this reason, the setup was 
calibrated by means of the total internal reﬂection (TIR) occurring at the glass/air interface. 
The angle of TIR in air (nair = 1) was calculated for the employed wavelength (λ = 632.8nm) 
and each individual glass with nquartz = 1.45699, nBK7 = 1.51509, nLaSF 9 = 1.84498, 
according to the Sellmeier equation3.1. Subsequently, the reﬂected intensity was measured 
with uncoated glass slides, optically coupled to the corresponding glass prism. Figure 
3.12shows the measured intensity for TM and TE polarised light in dependence of the read 
angle of incidence from the goniometer. 
The measured angles of TIR (θTIR,read) were compared with calculated values for the 
diﬀerent glasses. The goniometers had a vernier which allowed the position of the 
goniometer to be read with 0.005° accuracy. This experimentally measured angle of 
incidence θi,read between the impinging laser beam and the prism base was connected via 
Fresnel’s equations with the the internal angle of incidence θi,intern according to the law of 
refraction, which describes the refraction of the impinging laser beam at the air/prism 
interface. In the case of the herein applied 90◦ prisms (see ﬁgure 3.11 inlet) this relation 
was given by: 
nprism · sin(θintern − 45◦) = sin(θread − 45◦) (3.2) 
Calculated values for the three types of glass prism used in the course of this thesis are 
presented in ﬁgure 3.13 (left). As a consequence, the whole angular scan was ’squeezed 
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Figure 3.12: ATR scans of TE and TM polarised light in nair = 1.00000 (left side) and nwater = 1.33300 
(right side) with three diﬀerent prisms with a layer system dAu = 50nm, nAu = 0.312, kAu = 3.823 
and nprism = 1.45699 (top), nprism = 1.51509 (middle), nprism = 1.84498 (bottom). 
together’ from both directions with a factor proportional to the RI of the applied glass, 
Allowing for a broader angular range for high index prism materials. The range of the 
accessible angles was related with Snell’s law and was important, since the resulting scan 
should cover the total internal reﬂection edge and (if present) all the resonance minimum. 
The diﬀerent heights of the curves reﬂect the material dependent intensities. Comparisons 
with the theoretical values for the TIR angle (θTIR) are shown in ﬁgure 3.13 (right). For 
further analysis of experimental values this correction was taken into account in order to 
get the correct angles of incidence. This correction has to be reconsidered for laser light of 
diﬀerent wavelengths. 
3.8.2 Resonance Scan Curves 
After alignment of the setup and angle calibration the sample was mounted and a resonance 
spectrum was obtained by recording the reﬂected light intensity over an angular range 
from 20° to 80°. Subsequently, the polarisation plane of the laser light was rotated by 90° 
and a second scan was produced for the same sample but in a diﬀerent polarisation. 
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Figure 3.13: Connection between internal and external angle of incidence in the ATR-setup, calculated 
for a standard 90◦ glass prism for (1) BK7 (nBK7 = 1.515) and (2) high refractive index LaSF9 
(nLaSF 9 = 1.845). 
A computer program (WASPLAS, designed in-house) was used to measure the magnitude 
of reﬂected light reaching the photo diode as a function of the incident angle, which 
was controlled by the goniometers. The control of the spectrometry was also done via 
WASPLAS software. All experimental values were recorded and processed by the this 
software, installed on personal computer. 
Three diﬀerent modes of operation are included with WASPLAS: (1) Scan Mode: Takes 
the complete angular scan. The scan acquisition time is typically in the range of a few 
minutes. (2) Kinetic Mode: Monitors the reﬂectivity as a function of time at a ﬁxed angle 
of incidence with a time resolution < 0, 1s. (3) Tracking Mode: Monitors the shift of the 
resonance dip in real time with a time resolution < 4s. 
Analysis of the recorded raw data was carried out by adjustment of the Fresnel-simulation 
according to match the meta data by means of the transfer matrix method. Fitting 
parameters for this routine were the RIs with corresponding absorption coeﬃcients or the 
complex dielectric constant, respectively, and the thickness of the individual layers. 
The software can handle operation at arbitrary angles of incidence and s- and p-polarisation 
of the incident light, allowing anisotropy measurements and separation of optical constants 
n and d. The obtained spectra were ﬁt using an iterative ﬁtting program (WINSPALL, 
designed in-house), which calculated the reﬂectivity of an optical multilayer systems. The 
ﬁtting software is based on the Fresnel equations and the matrix formalism. The typical 
result is usually the optical thickness [nm] and/or surface coverage [ ng2 ] of a layer of cm
interest. 
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Figure 3.14: Measurement of the reﬂected intensity at an interfaces gold/air and gold/water in 
Kretschmann coupling geometry in dependence of the angle of incidence as determined by the 
goniometer reading. The steep decrease in intensity indicates the coupling of light intensity to 
the surface plasmon resonance (SPR) in dependence to the read angle of incidence. This angle is 
determined by the complex dielectric properties of the metal layer. 
3.8.2.1 Surface Plasmon Resonance Scan 
The accessible angular range varied depending on the materials chosen for the experiment, 
scans were, however, recorded from 20◦ to 80◦ of the read angle of the setup. The 
measurements produced and shown in this thesis were carried out either in air or in 
aqueous environment. 
3.8.2.2 Waveguide Mode Resonance Scan 
Figure 3.15: Measurement of the reﬂected intensity at an interfaces dielectric waveguide/air and 
dielectric waveguide/water in Kretschmann coupling geometry in dependence of the angle of incidence 
as determined by the goniometer reading. In this technique, light is coupled not only to the surface 
plasmon resonance (SPR) (broad dip at great angles of incidence at the right side of the scan) but 
also to a number of guided modes within the dielectric, adlayer in dependence to the read angle of 
incidence. 
Planar waveguides were characterised with TM and TE polarised light. Each mode has 
a characteristic eﬀective refractive index, N . In the case of ﬁlms with a homogeneous 
refractive index distribution, the mode of order m is characterised by the real refractive 
index and the propagation angle in the ﬁlm. The eﬀective refractive indices of all modes 
were determined by selective excitation of each mode. Values for the eﬀective refractive 
index of a mode, Nm, are always between the refractive index values of the waveguiding 
material and the lower index material adjacent to the waveguide, in the case shown below, 
either air or water. Since the gold layer is sandwiched between the glass support and the 
waveguide, it screens the waveguide ﬁlm from the glass and allows guided modes with Nm 
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down to 1 in air and 1.333 in aqueous environment respectively. 
The refractive index changes Δn of the surrounding cover medium were determined from 
changes of the incident angle at which the resonances occur. The refractive index Nm 
of each mode of the waveguide can be calculated from the incident angle, taking into 
account the optical properties of all applied materials. The fact that the light in the ﬁlm is 
strongly attenuated over a short distance (in the µm-range) is mainly due to the absorption 
properties of the gold layer. 
The position of the waveguide-modes directly depends on the thickness and the dielectric 
constants or refractive index of the multilayer system under investigation. A change in the 
optical density at any location within the system caused a change of the dispersion relation 
and shifts the resonance angles accordingly. This angular shift of the modes appeared, 
in ﬁrst approximation, to be directly proportional to the change in optical thickness, i.e. 
proportional to the layer thickness. This eﬀect was used for sensing purposes, because it 
is extreme sensitive and allows detection of adlayers and adlayer growth with a resolution 
of about 0.1nm. 
3.8.3 Time-Resolved Measurement Techniques 
Besides the angle scan for SPR spectroscopy and waveguide mode spectroscopy, the 
setup also enabled time-resolved measurements in two diﬀerent modes for monitoring 
time-dependent changes in resonance condition, and, consequently, a changes of the 
resonance angle. This could occur as a result of the adsorption of molecules from solution 
onto the waveguide structure. An angular shift of the resonances to higher angles may 
be followed by monitoring the reﬂected intensity R as a function of the angle of incidence 
R(θi) or the angular position of the resonance angle as a function of time. For this type 
of experiment the prism and attached sample were assembled with the liquid handling 
system (ﬂow cell) as shown in ﬁgure 3.9 or alternatively, in later experiments with the new 
system depicted in ﬁgure 3.10. 
3.8.3.1 Intensity Mode 
In order to execute the intensity mode for tracking optical thickness changes of an adlayer 
the position of the angle θi has to be ﬁxed at the left trailing edge of the resonance-dip 
(following the plotted line from left to right) (ﬁgure 3.16 top left). At this position the 
measurement of a time-dependent change of the optical density, and consequently, a shift 
of the resonance angle from θi to θi,m, remains within the linear regime of the tailing edge 
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(ﬁgure 3.16 bottom left). The change in reﬂected intensity from R1 to R2 is then plotted 
against the time (ﬁgure 3.16 top right). Only if the shape of the mode remains unchanged 
this shift ΔR is directly proportional to the change in optical thickness, i.e. proportional to 
the layer thickness. However, if the mode is changed in its shape according to absorption 
and increased (or decreased) scattering or other mechanisms of attenuation, no correct 
assertion can be stated and another technique for time-dependent measurement has to be 
applied. 
Figure 3.16: Principle of ATR-kinetic measurement at the trailing edge. The time-depending change 
of the optical density at an interface, causing a change in the resonance condition, and, consequently 
(top, left), a change of the resonance angle, can be detected as change in reﬂectivity ΔR at a ﬁxed 
angle of incidence θk (top, right). In order to obtain signiﬁcant results, a linear regime of the tailing 
edge must be chosen (bottom). 
3.8.3.2 Angle Tracking Mode 
An alternative experimental technique is given by tracing the angular shift of the reﬂectivity 
minimum from its start at θi to its end at θi,m (ﬁgure 3.16 top left), and providing time-
dependant information of the change in optical density. In this mode, the software applies 
a three-point measurement at the resonance minimum with a pre-deﬁned step-width, 
followed by an automatic parabolic ﬁt of those three meta values, forming the base for the 
determination of the minimum position with good approximation. This parabolic ﬁt gives, 
in addition, also a value for the full-width-at-half-maximum (FWHM) of the resonance dip. 
The disadvantage of the angle tracking mode is its time resolution, since the three-point 
ﬁtting routine takes at least three times more than a single value measurement. Also the 
information exchange between the software and the lock-in ampliﬁer and corresponding 
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goniometer control signals lies in the range of seconds. 
This technique, however, may also be applied to reveal eventual change in reﬂected intensity 
ΔR additional to the angular shift of the intensity minimum, in order to determine the 
degree of optical losses due to absorption and scattering, occurring parallel to the changes 
of optical density (ﬁgure 3.16 bottom right). 
Indeed, this method is by far not as sensitive to small changes as the aforementioned 
intensity measurement mode at the trailing edge, but its independence to changes in the 
shape of the mode makes this procedure much more versatile and extremely stable for 
long term measurements. Also greater changes in the optical density, i.e. thicker adlayer, 
may be monitored with this approach, not suﬀering from being restricted to a shift that 
does not leave the linear slope of the resonance plot. 
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Abstract 
In this chapter, the highly sensitive gold-supported meso − nc − TiO2 waveguide sensor in 
Kretschmann prism-coupling conﬁguration is demonstrated. The impact of the thin metal 
layer, supporting the mesoporous titania thin-ﬁlm waveguide, is shown in terms of its 
inﬂuence on resonance width and on the resulting detection sensitivity of this multi-layer 
assembly. It is demonstrated that the signiﬁcant refractive index contrast, introduced 
by an optimum metal thickness of 40 − 50nm, yields maximal conﬁnement of the EM 
ﬁeld distribution within the meso − nc − TiO2 waveguide ﬁlm, and hence allows for high 
sensitivity detection within the mesoporous structure. This optimised optical multi-layer 
conﬁguration oﬀers great potential for signiﬁcant enhancement of sensing performance 
compared to state-of-the-art evanescent sensing schemes. In comparison to planar optical 
sensing techniques the porous waveguide layer has also the advantage that increased 
interaction of the analyte species with the highly conﬁned EM ﬁeld within the waveguide 
structure, and additionally the large adsorption area, that is extended to the interior 
surface area of the porous waveguide layer, can be exploited for signiﬁcantly enhanced 
sensing performance. The overall sensing performance, again, is quantiﬁed according to 
ﬁrst order perturbation theory and related to the degree of EM ﬁeld conﬁnement within 
the synthesised meso − nc − TiO2 ﬁlms according to their porosity and thus the eﬀective 
refractive index of the multi-layer assembly. 
4.1 Introduction 
Optical waveguide spectroscopy (OWS) refers to the use of slab waveguides in the 
Kretschmann prism coupling conﬁguration in general. Therefore, the waveguide on 
top of the semitransparent metal layer on a glass slide is optically matched to the prism. 
Thus, light is coupled through the prism/semitransparent metal ﬁlm/glass assembly into 
the waveguide and conﬁned within. 
The presented waveguide format is a special version of the general principle of guiding light 
in a transparent medium with conﬁned (optical) dimensions. Nevertheless, the operation 
principle of this optical waveguide (OWG) sensor is similar to a general slab-waveguide, 
where light is guided in the ﬁlm of high refractive index. However, in contrast to the basic 
mechanism, where guided light experiences TIR at both (ﬁlm/cover- and ﬁlm/substrate-) 
interfaces the guided light in this metal supported waveguide is only totally internally 
reﬂected at the ﬁlm/cover-boundary, while being normally reﬂected (NR) at the ﬁlm/metal­
boundary, whereat light is partly transmitted into the metal and (through it into) the 
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substrate and partly reﬂected back into the waveguide ﬁlm at the ﬁlm/metal interface see 
ﬁgure 4.1. A schematic sketch of this structure is shown in ﬁgure 4.1. 
Figure 4.1: Sensing conﬁguration and principle of light guidance of the metall supported waveguide 
sensor. (a) Basic mesoporous OW conﬁguration with illustration of light guided in the waveguide 
ﬁlm by total internal reﬂection (TIR) at the ﬁlm/cover boundary and normal metallic reﬂection at the 
ﬁlm/metal boundary. (b) Photograph of a fabricated mesoporous optical waveguides. 
Constructive interference of these reﬂections forms guided modes. However, the operation 
principle is somehow diﬀerent from the general slab-waveguide sensors, as a consequence 
of the metal ﬁlm, and is therefore operated in reﬂection mode in the Kretschmann prism 
coupling conﬁguration. Accordingly, the classical surface plasmon resonance (SPR) 
instrumentation was implemented and no signiﬁcant changes were necessary. 
In this conﬁguration the prism (in combiation with the index-matched glass support) 
deﬁnes the momentum of the incident light, as well as the component parallel to the 
surface that can be adjusted by changing the incidence angle. Only at certain angles 
above the critical angle (θTIR or θcrit) light is not reﬂected back from the back of the metal 
ﬁlm, but rather coupled into the waveguide. These events are monitored by a photo diode, 
producing a dip in reﬂected intensity. Depending on the applied wavelength and the 
actual angle of incidence (in this conﬁguration θ is scanned in a θ − 2θ two-goniometer 
conﬁguration as described for SPR), a match in momentum between the impinging light 
and a waveguide mode can be achieved. The resulting modes are referred to as the 
number of nodes in their inherent propagating electric ﬁeld. Coupled light is guided in the 
waveguide ﬁlm but also dumped by the metal layer, as it dissipates the energy into heat 
and little can be coupled back by the symmetrical prism. Therefore, propagation of the 
guided waves is strongly attenuated over a short distance. Additionally, by changing the 
polarisation of the incident light, diﬀerent sets of waveguide mode spectra with according 
polarisations can be produced. Modes with the magnetic ﬁeld component polarised in 
the plane of the ﬁlm are transverse magnetic (TM) modes, while those with the electric 
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ﬁeld component polarised in the plane of the ﬁlm are transverse electric (TE) modes). In 
this thesis (if not stated explicitly diﬀerent) all reported waveguide mode spectra are taken 
under illumination of a helium-neon red laser (HeNe) at λ = 0.633µm. 
The reﬂectivity R vs. incident angle θ measurements are evaluated by comparing them to 
Fresnel calculations of the multilayer system, thus obtaining the thickness of an adlayer 
ﬁlm and refractive index thereof. These results are solutions to the Maxwell equations 
for the multilayer system in Kretschmann conﬁguration. In this context, the adsorbed 
species is treated as additional optical layer on top or in the case of the mesoporous WG 
as refractive index increase within the mesoporous ﬁlm, or both if applicable. As a result 
of this change in the conﬁguration, the waveguide mode coupling conditions are changed, 
thus shifted to higher angles of incidence for resonant mode coupling. The real-time 
monitoring of these shifts produces the actual sensing signal by following the angular 
minimum or recording the reﬂected intensity at an angle near the reﬂectivity minimum. 
The resulting spectrum can, again, be ﬁtted to Fresnel calculations, hence the change due 
to analyte adsorption can be quantiﬁed in terms of thickness and refractive index. 
4.2 Metal-Thickness and Resonance-Width 
When designing the gold-supported meso − nc − TiO2 waveguide sensor it is important 
to consider the application the sensor is aimed on; Either detection of a thin adlayer (e.g. 
growth monitoring) or the application as bulk refractometer (see introduction chapter). 
Moreover, the waveguide sensor is assembled of three diﬀerent materials, the prism/glass 
substrate combination, the actual waveguiding ﬁlm and the metal layer in between, 
whereas the refractive index of all three layers and additionally the thicknesses of the 
waveguiding ﬁlm and the metal layer inﬂuence the optical properties and ﬁeld distributions 
of the individual resonance phenomena. Therefore, in order to tailor the multi-layer 
structure for a speciﬁc sensing purpose various factors have to be considered for the 
desing of this device. In the following discussion the surface plasmon resonance is also 
included as TM0 mode for comparison. In principal, several metals can be used for metal 
supported waveguide fabrication, however for this conceptual study the scope was limited 
on thin-ﬁlms made of gold. Therefore, and for future reference, the metal applied for 
metal-supported optical waveguide spectroscopy in Kretschmann conﬁguration will by 
default be gold. 
The refractive index used for the calculation is the same as applied to all further simulations 
and discussions, if not stated explicitly diﬀerent. The refractive index of the thin gold ﬁlms 
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is n˜M = 0.312 + i3.823, and by its nature as conductor, complex. In literature varying 
refractive indices are reported and for thin-ﬁlm application again diﬀeren refractive indices 
can be found. The reason for the latter is the pronounced eﬀect of the morphology at ﬁlm 
thicknesses in the nanometre regime. Reasons therefore are mainly the highly increased 
surface-to-volume-ratio and associated surface eﬀects. But not only the size eﬀects alter 
the dielectric properties of the metal, also the history of a matirial (i.e. the way the material 
was processed) is another parameter which has eﬀect on its (optical) properties. The gold 
ﬁlms used in this thesis are all thermally evaporated thin-ﬁlms from commercially available 
pure gold (see experimental chapter). Therefore, based on the thermal processing and the 
nanonetre size of the ﬁlm-forming clusters, the value found for the refractive index of the 
gold ﬁlms may deviate from the values reported in literature. Further it was observed, that 
this refractive index is not signiﬁcantly changing for gold ﬁlms with ﬁlm thicknesses in the 
range of 5 − 80nm. 
However, by altering the gold layer thickness within this thickness regime, the properties 
for coupling to the ﬁeld resonances change signiﬁcantly. This behaviour becomes apparrent 
when, for example, resonant coupling to the TM0 mode is calculated for diﬀerent ﬁlm 
thicknesses of the gold layer (see ﬁgure 4.2). The TM0 mode or surface plasmon resonance 
appears in the absence of the meso−nc−TiO2 waveguide, or in the theoretical extreme case 
were the waveguide thickness is assumed inﬁnitesimally small. Also another theoretical 
extreme case allows the TM0 mode to appear; If the refractive index of the waveguide is 
exactly matching the refractive index of the cover medium, in this case nC = 1.333 for 
water. 
If, on the other hand , a 1.2µm thick titania layer is applied on top of the gold ﬁlm, then 
the TM0 mode is shifted to high angles, too far to be detected within the accessible angular 
region of the setup. However, if the reﬂectance, R, over the angular range, θ, is measured 
for this conﬁguration, other dips appear instead of the surface plasmon resonance and 
moreover, the reﬂected intensity decreases at these resonances are much steeper, the dip 
therefore much sharper (see ﬁgure 4.3). The angular position θm of a reﬂectance dip in the 
spectrum corresponds to the mode resonance calculated from the mode equation with the 
resulting value at the point where the function intersects with the x-axis (see appendix 
A). The solutions of the mode equation for y = 0 (see appendix A), are determined by the 
refractive index, which is eﬀectively experienced by the guided EM ﬁeld distribution within 
the multi-layer waveguide structure. 
The eﬀective refractive index for each individual mode, Nm, is often used to describe the 
sensing potential of a particular combination of refractive indices and ﬁlm thicknesses of the 
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Figure 4.2: Calculated Fresnel reﬂectance for the TM0 mode (surface plasmon resonance) with 
respect to increasing gold ﬁlm thickness. This representative calculation was done for light at 
λHeNe = 632.8nm impinging upon a prism/glass slide with nS = 1.84498 with a gold layer on 
top with the refractive indices n˜M = 0.312 + i3.823 and thicknesses varying from 0nm to 80nm in 
aqueous environment nC = 1.333. The dashed horizontal line represents the plane of I=0.5 whereat 
the intersection points of each Fresnel curve were taken. The circumﬂexed arrow indicates the 
evolution of the curve as the gold ﬁlm thickness increases. 
individual constituents within a multi-layer waveguide assembly, thus it standardises the 
sensor performance and allows therefore for comparison between of systems. Especially 
in the ﬁeld of integrated optics (IO) and sensors and actuators it is usual to express 
the reﬂected intensity versus N , where N = nS sinθS . The properties of N and its 
characteristic behaviour with regards to changes in the dielectric environment, hence 
in sensing applications, in terms of sensitivity of optical sensing systems has been 
thoroughly discussed in literature7,17,13,5,19,2,18,6,20,21,4,11,14,3,12 (and references within), 
therefore here only the distinct properties of the mesoporous optical waveguide sensor in 
Kretschmann prism-coupling conﬁguration will be highlighted. 
As illustrated in ﬁgure 4.3, the gold layer thickness (though burried under the waveguide 
layer) also has a pronounced inﬂuence, not on the position of the resonance, but on its 
shape. Due to its complex optical properties the eﬀect of the gold layer is not only described 
by linear attenuation and reduction of the guided light intensity, but rather it can be 
exploited in order to increase the sensitivity of the system when optimised to a certain 
thickness. Figure 4.3 shows the resonance dip of the TM6 mode with a variation of the 
gold ﬁlm layer thickness. Apparently, a gold ﬁlm thickness of ≈ 50nm yields the optimal 
resonance feature with the largest aspect ratio. 
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Figure 4.3: Calculated Fresnel reﬂectance for the TM6 mode with respect to increasing gold ﬁlm 
thickness. This calculation was done for the same optical parameters as shown in ﬁgure 4.2, but 
with the addition of a 1.2µm thick titania layer with nF = 2.1775 on top of the gold ﬁlm. The dashed 
horizontal line represents the plane of I = 0.5 whereat the intersection points of each Fresnel curve 
were taken. The circumﬂexed arrow indicates the evolution of the curve as the gold ﬁlm thickness 
increases. 
In order to systematically exploit the inﬂuence of thin metal layers on the optical properties 
of optical systems based on a combination of glass substrates (nS = 1.84498) covered with 
thin gold ﬁlms and meso − nc − TiO2 waveguides on top of the metal, a series of contour 
plots of the reﬂected intensity versus angle of incidence and gold layer thickness was 
calculated for gradually changing porosities P = 0.00, 0.10, 0.20, ..., 1.00 (i.e. changes in 
composite refractive index nF = 1.333 2.1775) of the meso − nc − TiO2 waveguide. The → 
results are displayed in ﬁgure 4.4, for the operation in air nC = 1.00027, and in ﬁgure 4.5, 
for the operation in aqueous environment nC = 1.333. 
The contour plots are calculated via transfer matrix approach from the total reﬂected 
intensity of the multilayer system with both TE and TM polarised laser light. The contour 
lines represent the values of reﬂectivity at at 50% intensity, R = 0.5 (depicted by the 
dashed lines in ﬁgures 4.2 and 4.3). 
The left column in ﬁgure 4.4 and 4.5 represent the resonances appearing at illumination 
with TM polarised light, whereas the right columns illustrate the case for illumination 
with TE polarised light. The numbers at the left (y-axis) denote the metal layer thicknes 
(dM (Au)), whereat the x-axis denotes the angular range of incidence. The individual rows 
represent the porosity of the meso − nc − TiO2 waveguide, thereby the ﬁrst row (bottom) 
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illustrates the contour spectrum for 100% porosity, which is equivalent to the surface 
plasmon resonance (SPR) conﬁguration with no waveguide layer on top. For each following 
row above the ﬁrst one the titania fraction is successively increased for 10%, accordingly 
in terms of porosity this represents a decreased by 10%. 
Figure 4.4: Contour plots of reﬂectance from gold-supported meso−nc−TiO2 (nmeso−nc−TiO2 = 1.6), 
a glass substrate (nS = 1.84498) and air as cover medium (nC = 1.00027). The contour lines represent 
reﬂectance at 50% intensity, R = 0.5. The left column represents the resonances appearing at 
illumination with TM polarised light, whereas the right column illustrates the case for illumination 
with TE polarised light. The numbers at the left (y-axis) denote the metal layer thicknes (dM (Au)), 
whereat the x-axis shows the angular range of incidence. The individual rows represent the porosity 
of the meso − nc − TiO2 waveguide, thereby the ﬁres row (bottom) illustrates the contour spectrum 
for 100% porosity, which is equivalent to the surface plasmon conﬁguration with no waveguide layer 
on top. For each row above the ﬁrst one successively are 10% increase in titania density simulated) 
From ﬁgures 4.4 and 4.5 it can be observed that the angular position of the resonance 
dip(s) (corresponding each to a diﬀerent mode) shifts nearly linearly with changes in 
porosity (i.e. changes in composite refractive index) from nF = 1.333 2.1775. Moreover, → 
it proves that the gold layer thickness does not aﬀect the angular position, but rather 
exhibits an optimum in terms of aspect ratio of the dip at around 45 − 50nm for both 
polarisation. In comparison, the contours plots, plotted for the TM0 mode (i.e. surface 
plasmon resonance), present in the lower half of the TM plots at nF = 1.00027 − 1.471 for 
calculations in air and nF = 1.333 − 1.502 in aqueous environment, show very broad dips 
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Figure 4.5: Contour plots of reﬂectance from gold-supported meso−nc−TiO2 (nmeso−nc−TiO2 = 1.6), 
a glass substrate (nS = 1.84498) and water as cover medium (nC = 1.333). for details see ﬁgure 
4.4and text above. 
and reveal a very strong dependence on the value for dM (Au). 
In general, all resonance features shift, with increasing metal layer thickness asymptotically 
towards the calculated value of N (using the mode equation), which corresponds to a 
Fresnel simulation with an inﬁnitely thick gold layer16 
However, it appears that once the gold thickness exceeds ≈ 40nm, the solutions of Fresnel 
reﬂectivity calculations are identical with the values for N obtained via solution of the 
mode equation, which consequently means that the substrate has practically no inﬂuence 
on the electromagnetic ﬁeld distribution in the waveguide once the gold layer has reached 
this thickness16.1 
Therefore, it can be concluded that an optimum metal thickness of 40 − 50nm yields 
maximal conﬁnement of the EM ﬁeld distribution within the meso − nc − TiO2 waveguide 
ﬁlm, and hence allowing optimal sensitivity within the mesoporous structure, due to the 
1The glass substrate and accordingly the choice of the prism material have an inﬂuence on the experiment 
insofar as a high refractive index of the glass material allows for a broader angular range of angles to be 
acessible for the experiment (more details in the Experimental Chapter, Section:Calibration and Angular 
Correction). 
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refractive index contrast introduced by the thin gold layer. Accordingly, in the following the 
gold-supported meso − nc − TiO2 waveguide ﬁlms for prism-coupling in the Kretschmann 
conﬁguration will be equipped with 45 − 50nm thick gold ﬁlms. 
4.3 Sensitivity Characterisation for Porous Waveguide Sensors 
In this section the sensitivity characteristics of the porous titania thin-ﬁlm waveguide 
sensor in Kretschmann conﬁguration will be discussed. Also the signiﬁcantly enhanced 
performance of the mesoporous titania waveguide compared to planar waveguides and 
surface plasmon resonance sensors, due to increased surface area and strong ﬁeld 
conﬁnement within the porous waveguide layer is demonstrated. 
Since the sensing principle of this type of optical sensor roots in the refractive index 
change, induced by the presence of target molecules, it is crucial for being able to detect 
the molecules that the induced changes are suﬃciently high to be within the resolution of 
the sensor. Mesoporous waveguides allow, due to their large available internal surface 
area for vast molecular binding and due to the large overal internal volume of nanoscale 
porespace for a greater number of molecules to interact with the conﬁned power of the EM 
ﬁeld and, again, to contribute to the change in refractive index experienced by the sensor. 
As a consequence of the meso − nc − TiO2 waveguide layer, this sensors proﬁt from the 
ability of utilising largely enhanced access to interaction of guided modes with target 
molecules within the mesoporous interior of the actual waveguide ﬁlm itself. Therefore, 
the transduction of the sensor response is greatly enhanced, in contrast to SPR sensors or 
conventional planer waveguides, that are restricted to an evanescent ﬁeld-based detection 
approach. Comparable sensing approaches with gold-cladded porous alumina10,9, and 
silicon 15,8 waveguides were reported recently. 
Among porous materials, mesoporous titania is an excellent candidate, for sensing applic­
ation, in part due to the large range of achievable nanoscale architectures (examples are 
shown in the Chapter:Synthesis of mesoporous titanium oxide thin ﬁlms) and accordingly 
copious possibilities to vary the pore sizes and pore geometries, as well as the actual 
porosity (examples are shown in the Chapter:Synthesis of mesoporous titanium oxide thin 
ﬁlms) and established protocols for oxide-surface functionalisation 1. 
In this section the combination of characteristics for sensing application of metal-supported 
porous waveguides in the Kretschmann conﬁguration is demonstrated on the example of 
meso − nc − TiO2 materials. Therefore, theoretical analysis of the inﬂuence of various 
parameters of the multi-layer system on the detection sensitivity of these sensors is 
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provided. The calculations are based on light at a wavelength of λHeNe = 632.8nm which 
is coupled into the mesoporous waveguide via Kretschmann prism-coupling conﬁguration 
under angular modulation. Furthermore, both supported polarisation states, transverse-
magnetic (TM or p-polarised) and transverse-electric (TE or s-polarised) are considered. 
Figure 4.6: The SEM images clearly show that the meso-nc-TiO2 consist of a network of colloidal 
nanocrystals. The image shows a representative mesoporous titania ﬁlm as used for the investigations 
described in the following chapters. 
The theoretical capability of gold-supported meso − nc − TiO2 waveguides, in the multi­
layer assembly as shown in ﬁgure (4.6), for sensing application is demonstrated. Following 
the reported scheme8 for application of ﬁrst order perturbation theory for determination 
of the sensitivity of mesoporous waveguides to slight changes in the refractive index of 
their environment, triggered by the presence of small molecules within the nanoscale 
porespace of the intrior of the meso − nc − TiO2 waveguide. As to the fact, that changes 
in the dielectric constant, Δε, or the equivalent changes in refractive index, Δn, within 
the reach of the EM ﬁeld of guided modes cause a corresponding change of the eﬀective 
refractive index, ΔN . The change of the eﬀective refractive index of the guided wave mode 
can be calculated by 4.1. 
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∞ Δε [E(y)]2 dy
Δ(N2) = 
´
−∞
∞ [E(y)]2 dy 
.´ (4.1) 
−∞ 
The electric ﬁeld in y-direction within each layer of the multi-layer system of the waveguide 
structure can be calculated by means of transfer matrix approach. Accordingly Δε(y) = 
2n Δn and Δ(N2) = 2N ΔN can be rewritten in the above stated equation, giving · · 
ΔN = n3 Pwaveguide (4.2)Δn N Ptotal 
where the ratio, Pwaveguide/Ptotal, quantiﬁes the power conﬁnement factor, which is deﬁned 
as 
Pwaveguide = 
´
waveguide ´ [E(y)]
2 dy
. (4.3)
Ptotal 
∞ [E(y)]2 dy−∞ 
This factor of power conﬁnement represents the ratio of the power (of the EM ﬁeld of 
guided mode) conﬁned within the spatial distribution of the mesoporous waveguide layer 
in relation to the total power distribution throughout the entire multi-layer assembly of 
glass substrate, gold layer, waveguide ﬁlm, and cover medium. For the application of 
meso − nc − TiO2 waveguide sensors in the case of angular interrogation in Kretschmann 
conﬁguration, the sensitivity can accordingly be deﬁned as: 
dθ dθ dN 
sensitivity = = . (4.4)
dn dN 
· 
dn 
In order to give an analytical expression for the sensitivity of the meso − nc − TiO2 
waveguide, concidering that the tangential component of the incident light wave vector 
in the prism matches the wave number of the guided mode Nm = n1sinθm, the following 
equation can be formed: 
Pwaveguide n3 1 
sensitivity = 
Ptotal 
· 
Nm 
· 
n1cosθm 
. (4.5) 
133 
4 Optical Waveguide Spectroscopy with Mesoporous Titania Waveguides 
From the above stated equation it appears that the sensitivity is proportional to the power 
conﬁnement factor and to the angle of incidence, but also inversely proportional to the 
eﬀective refractive index, Nm, of the particular mode. In order to expose more clearly 
the relative contributions of the power conﬁnement factor and the angle of incidence on 
the overal sensitivity, ﬁgure 4.7 displays the calculated mode resonance angles, power 
conﬁnement factors, and sensitivities of gold-supported meso − nc − TiO2 waveguides, at 
a laser wavelength of λHeNe = 632.8nm. The complex refractive index of the gold ﬁlm at 
the applied wavelength is n˜Au = 0.312 + i3.823. 
Conclusion 
The potential for highly sensitive sensing schemes with gold-supported meso − nc − TiO2 
waveguides in Kretschmann prism-coupling conﬁguration is demonstrated. One great 
advantage, inherent to this new mesoporous sensing platform, compared to planar optical 
waveguides, is shown to arise from the signiﬁcant refractive index contrast, introduced 
by an optimum metal thickness of 40 − 50nm beneath the waveguiding ﬁlm. This strong 
conﬁnement of the EM ﬁeld is quantiﬁed by calculations based on ﬁrst order perturbation 
theory, and expressed by the power conﬁnement factor. Especially at higher angles of 
incidence it is possible to guide a high fraction (1.0 - 0.9) of the EM ﬁeld power within the 
meso − nc − TiO2 waveguide ﬁlm. The large internal adsorption area, as intrinsic property 
of the mesoporous waveguide layer, additionally allowes to increased interaction of the 
analyte species with the highly conﬁned EM ﬁeld within the waveguide structure, thus 
results in signiﬁcantly enhanced sensing performance. Under optimised conditions the 
overall sensing performance, again, is quantiﬁed according to ﬁrst order perturbation theory 
and related to the degree of EM ﬁeld conﬁnement within the synthesised meso − nc − TiO2 
ﬁlms according to their porosity, and thus the eﬀective refractive index of the multi-layer 
assembly. In aqueous medium it is shown that operation with TE polarised light can 
lead to signiﬁcantly enhanced sensitivity, compared to the case of TM light. This distinct 
advantage has its origin in more pronounced adsorption losses inherent to TM polarised 
light. 
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(A) 
(B) 
(C) 
Figure 4.7: All graphs relate the displayed results to guided modes, excited in a 1.2µm thick gold-
supported meso − nc − TiO2 waveguide layer. Results are shown for calculations in air and for both 
cases, TM light (left column) and TE light (right column) at λHeNe = 632.8nm. (A) Resonant angles 
of incidence. (B) The power conﬁnement factor. Apparently, the degree of power conﬁnement for 
TM-light is assumed to be higher (compared to the TE light) due to the intrinsic interaction with the 
gold cladding. Thus the EM ﬁeld conﬁnement dacayes more appruptly for TM light compared to the 
case of TE light. (C) Calculated values for the sensitivity. The values calculated for sensitivities of TM 
and TE light are comparable for both polarisation states. 
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Figure 4.8: All graphs relate the displayed results to guided modes, excited in a 1.2µm thick 
gold-supported meso − nc − TiO2 waveguide layer. Results are shown for calculations in aqueous 
environment and for both cases, TM light (left column) and TE light (right column) at λHeNe = 632.8nm. 
(A) Resonant angles of incidence. (B) The power conﬁnement factor. Apparently, the degree of power 
conﬁnement for TM-light is assumed to be higher (compared to the TE light) due to the intrinsic 
interaction with the gold cladding. (C) Calculated values for the sensitivity. The smaller values 
of TM modes, and accordingly the lower sensitivity is most probably due to the higher degree of 
interaction with the gold cladding (compared to the excited by TE light) which cause higher losses 
due to absorption in the metal. 
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Abstract 
Mesoporous nanocrystalline titanium oxide (meso − nc − TiO2) thin-ﬁlms are synthesised 
ab-initio from alkoxide precursors, which involves the chemical inhibition of premature 
precipitation of titanium oxide powder via acidic reaction conditions. Control over the oxide 
nanocrystal-assembly is gained through the use of diﬀerent template assisted methods for 
controlled mesostructure formation, where triblock copolymeres play the role of structure 
directing agents which are ﬁnally removed upon calcination. P123 triblock copolymer and 
diﬀerent titanium alkoxides as the initial reaction agents are subject to various solvent 
mixtures with the aim to produce interconnected pores throughout the whole ﬁlm. 
Furthermore, a non-scaﬀolded approach is introduced that utilises a top-down technique 
for the formation of mesopores; electrochemical anodisation of thin titanium foil in combin­
ation with supporting wet chemical processes. Contrary to the lamellar, tubular, hexagonal, 
cubic, and isotropic architectures from polymere templated synthesis, this method yields 
self-organised titania nanotube arrays which do not result in three-dimensional pore 
networks. 
As an alternative to the fairly complex techniques of titania precursor-based block co­
polymer templating or the anodisation of metallic titanium in order to obtain mesoporous 
structures, feasible 3D-mesoporous ﬁlms were also achieved by sintering nanoparticles (i.e. 
nanocolloids) together. The resulting ﬁlms oﬀer accessible interconnected pores throughout 
the whole ﬁlm thickness, however, with the beneﬁt of a simple one-pot synthesis protocol. 
More accurately, the nanocolloids were synthesised via sol-gel method, though ﬁlms were 
also prepared directly from commercially available colloidal sols of titania nanoparticles 
and dry titania powder. 
The eﬀects of individual variation of synthesis parameters on the mesoscopic architecture, 
and ﬁnally on the thin-ﬁlm optical waveguiding properties are discussed in detail on the 
base of scanning electron microscopy (SEM) and optical waveguide spectroscopy (OWS). 
5.1 Introduction 
Since the early 1990s, when the ﬁrst synthesis routines for mesostructured and mesopor­
ous materials were developed 58,9,40,35, a rapid growth in the ﬁeld of nano- and mesostruc­
tured materials has been observed. This development is mainly rooted in the demand for 
unique structural and bulk properties, i.e. high speciﬁc surface area, large pore volume, 
narrow pore size distribution and rich surface chemistry. Although the core focus was put 
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on silica materials in the beginning, soon the range of elements utilised for mesostructure 
design expanded. Nowadays, the ﬁeld of mesostructured materials research has evolved 
far beyond the original silica. The class of mesostructured materials has been extended 
to include many other compounds such as transition metal oxides61,39,60,57, metals4,5,6, 
semi metallic structures48, carbon59, and polymers36. Until today, roughly 50% of the 
metals and approximately 60% of transition metal in the periodic table of elements have 
been incorporated into a mesostructure, and roughly 50% of these mesostructures lead to 
mesoporous materials. 
Extensive research was necessary to manufacture mesostructured materials with a high 
degree of structural control. The ﬁrst steps in this direction were inspired by naturally 
occurring minerals like the zeolites with highly deﬁned pore-structure of variable pore sizes 
(0.5 − 2.0nm)12. Traditionally microporous zeolites have been widely used as molecular 
sieves in the petroleum industry due to their inherently deﬁned pore structure and their 
sharp size distribution. The relatively small pore sizes, however, restrict their application 
to small molecule separation. 
The introduction of surfactant supramolecular templating approaches has led to a break­
through in the extension of porous materials to the meso-scale, with relatively large, 
uniform and adjustable pore sizes. Since these characteristic properties of porous materi­
als have been accessible for manipulation, a variety of new designs, and consequently new 
applications emerged and created a whole new ﬁeld of science and technology. Especially 
the use of di- and triblock copolymers, as they are well-known to segregate at the molecular 
level and associate into various liquid crystal structures as they are mixed with solvents 
that have selective aﬃnities to each block of the copolymer. This method has provided 
much synthetic freedom. One successfully utilised example of such block copolymers is 
the Pluronics family. These are triblock copolymers composed of poly(ethylene oxide) (EO) 
and poly(propylene oxide) (PO) block units that can elegantly be synthesised with a high 
degree of control in terms of molecular weight distribution according to the number of 
hydrophobic and hydrophilic block units, y and x respectively. The structural polymorph­
ism, which is given by this class of triblock copolymers, was ﬁrst recognised a decade 
ago47,56,3, but nevertheless, today their associated properties such as phase behaviour 
(both theoretical behaviour7 and experimental behaviour2,29) are well documented and 
can be used as a toolkit to predict and design mesoporous structures according to desired 
(optical) properties. 
The aforementioned triblock polymers of the general architecture EOxPOyEOx are com­
mercially available with various block sizes and are traded as nonionic surfactant by 
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BASF-Wyandotte and DOW Chemical Company. They are relatively low-cost, non-toxic 
and biodegradable; making them the structure directing agent of choice for the synthetic 
approaches presented in this thesis. The synthesis of mesoporous materials presented 
in this section was restricted to the use of Pluronics 123 (MW = 5820g) with 30% EO 
(x=20 and y= 70). The synthesis was undertaken under acidic conditions in aqueous 
solution 62,22 with variable volume fractions of polymer components, resulting in a range of 
mesoporous structures with large pore sizes (up to 20nm). 
The scope of this chapter will be limited to the synthesis of mesostructured titanium dioxide 
(titania) as material of choice. Titania is a well-known and widely used material with a wide 
range of commercial applications, ranging from the quite primitive use as an additive to 
mass-produced polymers, as a white pigment, and more recently in a highly-sophisticated 
manner in photovoltaics 28,27, photo catalysis 32, and battery applications37. Characteristic 
for titania is its wide band gap (3.2 eV), making it semiconducting with a range of accessible 
optical and electronic properties. However, it is still challenging to make mesoporous 
titania due to the extreme reactivity of titania precursors with water. Other diﬃculties are 
found during the templating step, e.g. incomplete condensation and crystallisation of the 
amorphous framework. Furthermore, the conservation of an intact mesostructure after 
removal of the organic template via calcination at temperatures above 400◦C has to to be 
considered. 
As well as synthesising mesoporous materials with diﬀerent architectures using precursor 
solutions of titanium oxide and amphiphilic triblock copolymers, eﬃcient control of the 
morphology, i.e. application of thin-ﬁlms onto gold-coated glass substrates, had to be 
elaborated. Therefore, all these diﬀerent aspects of mesoporous thin ﬁlm synthesis are 
addressed in the following chapter. Starting with (1) the preparation and control of the 
titanium oxide precursor by the sol-gel method, followed by (2) the polymorphic behaviour 
of block copolymers in ternary solution, (3) suitable techniques for thin ﬁlm application, 
followed by (4) the presentation of the waveguide properties of mesoporous thin ﬁlms. The 
results are divided into individual sections in order to discuss experimental modiﬁcations 
and their consequences on the obtained mesoporous thin-ﬁlms on the basis of electron 
microscopic imaging and optical waveguide spectroscopy. 
5.2 Template Assisted Synthesis of Mesostructures 
Synthetic approaches used in the framework of this thesis, in order to produce various 
amphiphilic block copolymer templated mesoporous morphologies of titania, have been 
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adapted from published literature(2,62,7,12,30,22,41). Syntheses were modiﬁed to achieve 
good optical waveguiding properties of the resulting thin ﬁlms. The nanostructured ﬁlms 
had to be eﬀectively optically homogeneous, with only limited scattering losses at visible 
wavelengths (λ = 632.8nm), in order to make them suitable as waveguide material. On 
the other hand, the pores had to be suﬃciently big to support penetration of analyte 
species from solution. Therefore, eﬀort was put into obtaining highly transparent ﬁlms with 
thicknesses not more than 2µm for reduced sorption times, but also on realising suﬃciently 
high refractive indices in order to be able to guide conﬁned optical modes with low losses 
within these mesoporous waveguides in aqueous environments (i.e. nfilm > nwater). In 
addition the pore size had to be greater than 15nm in average in order to allow adsorption 
of probe material into the pores. 
5.2.1 Alkoxide Precursor 
A general challenge concerning the synthesis of mesostructures of titanium oxide, and 
all transition metal oxides in general, is the pronounced reactivity of the transition metal 
complexes with water. The low electronegativity of titanium(IV) causes fast reaction rates 
for hydrolysis and condensation 13. Actually, the alkoxides of transition metals are already 
hydrolysed by ambient water even at low humidity levels, which lets the liquid condense 
directly into the hydroxide, visible in form of a white powder. Under standard laboratory 
conditions, only the rate of this process may be slowed down (e.g. storage in ultra-dry 
condition). Alkoxides of titanium, in particular, are open to nucleophilic attack at the 
bond between the transition metal and the alkoxide (-OR) unit. The fact that transition 
metal ions are sometimes able to expand their coordination sphere makes it even more 
likely for them to be attacked by a nucleophile unit. Therefore, many diﬀerent attempts 
at synthesising mesoporous titania have been made to overcome these problems and to 
produce materials with a wide variety of pore structures (2D-hexagonal, 3D-hexagonal, 
tubular) and diﬀerent morphologies (powders, monoliths, thin ﬁlms, thick ﬁlms, ﬁbres). A 
pioneering approach to the synthesis of ordered large pore materials was developed by 
Stucky et al., wherein a simple and general protocol was described, based on an alcoholic 
solution of amphiphilic poly (alkyleneoxide) block copolymers under acidic conditions61,60 , 
which proved to result in mesostructures with good long range order. 
5.2.2 Synthetic Approaches 
A sol-gel synthesis of metal oxides can be performed via the hydrolysis and condensation 
of metal cations in aqueous solutions31. This inorganic route provides a cheap and reliable 
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way for industrial uses. The so-called Partial Charge Model (PCM)51 provides a useful 
guide to describe and predict hydrolysis and condensation reactions in aqueous solutions. 
They can lead either to small solute condensed species (poly-anions or poly-cations) or to 
the formation of an inﬁnite network (colloids, gels, or precipitates). The PCM is based on 
the electronegativity equalisation principle stated by R. T. Sanderson 51 . 
The strong susceptibility of titania precursors to nucleophilic attack, even at the isoelectric 
point of hydrolysed titanium(IV ), which is at pH-values between 4 and 5, makes con­
densation kinetics so fast that they are eﬀectively instantaneous, resulting in a white 
precipitate, which is formed immediately upon the addition of pH4 water to titanium 
alkoxide. Therefore, using the isoelectric point as a strategy to overcome this problem is 
not appropriate in this titania system (ﬁgure 5.1). 
Figure 5.1: Hydrolysis phase diagram for titanium (IV) 22 
Accordingly, other hydrolysis conditions are required. One protocol61, aims to slow down 
the hydrolysis process by not directly adding water to the reaction mixture. Instead, 
chloride salts of various metals are mixed with ethanol (containing azeotropic amounts 
of water) and ethoxychloride complexes of the metal are formed. These ethoxychloride 
complexes are then combined with nonionic surfactant and allowed to dry. As the ﬁlm dries 
it hydrolyses under ambient hydrolytic conditions (i.e. relative humidity), and forms oxides 
in the presence of the amphiphilic structure directing copolymer. During evaporation 
of the solvent a liquid crystal-like structure is formed which is a good scaﬀold for the 
inorganic species. This method, however, was originally developed to make thick ﬁlms and 
appeared not to be suitable for the production of crack-free thin ﬁlms (∼ 1µm) with high 
optical quality. 
Another synthetic approach22, is condensation inhibition by doing the hydrolysis in 
highly acidic conditions in the presence of additional water as a means of stabilising 
the hydrolysed titania precursors by preventing their condensation (reaction scheme is 
depicted in ﬁgures 5.2 and 5.3). 
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Figure 5.2: Acid catalysed hydrolysis Reaction of titania precursor titanium(IV)alkoxide. 
Figure 5.3: Condensation reaction of titania precursor titanium(IV)alkoxide. 
In this context the hydrolysis phase diagram of titanium(IV ) has been suggested22 as a 
very useful guide to set the appropriate conditions for solubilising the titania(IV ) species 
in aqueous conditions. Figure 5.4 shows the plotted diagram, depicting the concentration 
of titanium(IV ) species present at a range of acidic pHs. With the help of this diagram 
the concentration of acid was chosen to solubilise the hydrolysed titanium(IV ) species 
and to prevent the titania precursors from precipitating immediately during the hydrolysis 
reaction. The desired soluble species of titanium(IV ) is present in the region to the left of 
the solid line (intersecting the x-axis at pH ∼ 2.7 in ﬁgure 5.1). To meet these requirements 
extremely low pH, actually negative values are needed, since the high concentration of 
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acid acts as an ideal condensation inhibitor. (Depicted in the extrapolated regime of the 
hydrolysis phase diagram in ﬁgure 5.4.) 
Figure 5.4: Extrapolated hydrolysis phase diagram 
The choice of concentrated acidic environment leads to total hydrolysation of the titania 
and to the formation of very small nanosized clusters which are predicted to be oligomers of 
aquohydroxotitanium(IV ) chlorides22, solvated under highly acidic conditions, as depicted 
in ﬁgure 5.523,20 . The existence of these nanoclusters or nanoentities was veriﬁed by 
FT-Raman microspectroscopy 21 . 
Figure 5.5: Solubilised titania species. Their appearance in highly acidic solution is expected 
to be in form of aquohydroxotitaniun(IV ) chlorides, which form oligomers as shown on the right. 
ox-nanoentities. 
At low pH, olation is the process by which metal ions form polymeric oxides in aqueous 
solution. Many metal ions exist in aqueous solution as aqua coordination complexes. 
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As the pH increases, water ligands ionise to form the hydroxo complex, the conjugate base 
of the parent hexa-aqua complex (illustrated in ﬁgure 5.5(left)). The hydroxo complex is 
poised to undergo olation, which is initiated by displacement of one water by a neighbouring 
complex, starting to form a cluster, a so-called oxo-dimer, as shown in ﬁgure 5.5(right). The 
remaining water and hydroxo ligands are highly acidic and the ionisation and condensation 
processes can continue. The formation of the oxo-dimer is a process called ’oxolation’. 
One important factor that must be controlled during the nucleation and growth of the 
anatase structures of TiO2 (rather than rutil structure) from aqueous solutions is the 
desoxolation reaction31 . If it occurs before nucleation, condensation may be oriented 
towards cis-skewed chains characteristic of the anatase structure. If it occurs after 
nucleation, the trans-linear chain characteristic of the rutile structure is formed. 
In order to produce thin ﬁlms of these anatase nanocrystals on (gold-coated) glass sub­
strates, a variety of diﬀerent methods was available to chose from, e.g. spin-coating, 
dip-coating or doctor-blading. However, ultimately all these application techniques for thin 
ﬁlms from solution are based on the principle of evaporation induced self assembly (EISA). 
For this purpose the water content had to be minimised to facilitate solvent evaporation, 
but still be of suﬃcient concentration to guarantee complete hydrolysis. A Ti : H2O ratio 
of 1 : 4 was suggested as adequate22 for complete hydrolysis, but in practise somewhat 
higher ratios (up to Ti : H2O ratio of 1 : 6) were found to result in slightly more ordered 
material. 
5.2.3 Control over the Mesostructure - Use of Structure Directing Agent 
Templated materials arrived in 1992 with the ﬁrst preparation of MCM-419, demonstrating 
that highly regular pore structures could be achieved on scales much larger than those 
present in zeolites. Developments in templating25,4,14,33,15,55 and other micro-patterning 
technologies suggest the rational design of porous media for diﬀerent applications is 
possible15 and a wide variety of micro structures has been reported, including arrays of 
simple geometries, bi-continuous networks, and hierarchical structures15. 
As a ﬁrst step towards block copolymer templating it was important to understand the 
aggregation and phase behaviour of the applied triblock copolymere (Pluronics P123) in 
solution before applying their segregation properties to form a suitable scaﬀold for the 
titania precursor in order to leave a mesoporous material after calcination. The P123 
triblock copolymer is a surface active compound and accordingly it forms micelles and 
lyotropic liquid crystalline phases. The formation of these phases depends not only on 
the volume fractions of the mixture, but rather also to a high degree on the temperature 
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they are exposed to, referring to ﬁgure 5.6. This peculiarity is rooted in their critical 
micelle concentration, deﬁned as the concentration of surfactants above which micelles 
are spontaneously formed. The cmc can shift several orders of magnitude with small 
temperature changes. It is of great importance to draw attention to this, since the main 
shift for this applied compound is found to occur in the temperature region between 20 
and 50◦, for example the cmc(25◦C) = 4 10−3wt% and the cmc(17◦C) = 4.5wt%56.· 
Figure 5.6: The phase diagram of the triblock copolymer P123 with the structure EOxPOyEOx, 
x = 20, y = 70 in aqueous solution clearly shows the dependence of the system on temperature and 
composition. 
The ﬁrst attempt to gain control over the mesostructure and predictably produce ordered 
ﬁlms used block copolymere-solvent-precursor mixtures in certain ratios, according to the 
phase diagram (ﬁgure 5.7). This ternary phase diagram allowed for the prediction of the 
resulting mesostructures according to the self-assembly behaviour of the copolymere in 
various concentrations. P123 block copolymers can form ﬁve diﬀerent mesostructures. 
In the absence of the inorganic fraction, diﬀerent liquid crystal structures are formed 
by the interaction of block copolymers and diﬀerent amounts of water. The reason for 
this behaviour is given by the selective aﬃnity of the hydrophilic part(s) of the polymer to 
water, which causes signiﬁcant swelling of hydrophilic region(s) while the hydrophobic 
region(s) stay unchanged. The same is true for the hydrophobic part(s) when oil is added 
to the mixture, where, again, the hydrophilic part(s) stay unchanged. This selectively 
introduced swelling of diﬀerent regions of the block copolymer allows the curvature of 
the hydrophilic/hydrophobic interface to be changed, and therefore, controls the type of 
micelles that are formed. For example, in the phase diagram of Pluronics P123, at small 
water content, spherical micelles develop and pack into a body centred cubic arrangement. 
The ternary phase diagram for water-butanol-P123 is shown in ﬁgure 5.7. 
It is expected that addition of the inorganic species greatly modiﬁes the phase diagram, 
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Figure 5.7: Ternary water-ethanol-polymer phase diagram for Pluronics P123. L represents a 
lamellar phase, H1 a hexagonal phase and I1 a cubic phase. The addition of titania species results 
in another dimension represented by an additional axis normal to the page. 
by creating an additional domain in the phase space of the system. Nevertheless, several 
reports have been published34 on the use of the ternary phase diagram (ﬁgure 5.7) as a good 
approach to predict and synthesise various phases of organic-inorganic mesostructured 
materials. Published methods include reports of the use of both non-ionic and ionic 
surfactants as well as several types of block copolymers and organic solvents 34,22. 
The use of ionic surfactants, however, presents limited potential applications for meso­
structured titania because of the strong surfactant interaction with the titania walls, 
which make it impossible to completely remove the surfactant by extraction procedures 
and in the collapse of the inorganic structure when post-synthetic thermal treatment is 
employed. Thus, nonionic surfactants were chosen as a potential alternative, as hydro­
gen bonding mediated the formation of the metal oxide-surfactant composites involved 
in the inorganic framework organisation. The attractive interactions between this no­
nionic block copolymer and the inorganic species (titania oxo-cluster), which are critical 
for the formation of the heterogeneous mesostructure, are relatively weak, and exhibit 
hydrogen-bonding/electrostatic characteristics62,22. 
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Figure 5.8: Illustration of the hydrogen bond/electrostatic interaction between the EOx block of P123 
and the hydrolysed titania species. 
5.2.3.1 Evaporation-Induced Self-Assembly (EISA) 
The self-assembly process underlying the formation of mesostructured titania was fa­
cilitated by an home-made evaporation induced self-assembly (EISA) apparatus. The 
device was programmed to pull a (previously submerged) gold-coated glass slide out of 
the solution with a steady rate of 1mms−1 . Figure5.9 gives a schematic illustration of 
the processes occurring within the meniscus, which is formed at the gold/water interface 
during the pull-out process. 
As non-ionic surfactants like the block copolymers of the Pluronics family do not form 
micelles in ethanol solution, both ethylene oxide as well as propylene oxide dissolve to 
approximately the same degree. Full phase separation occurs only upon evaporation of 
the solvent from the mixture. Therefore, the ﬁnal ﬁlm structure only depends on how the 
the structural arrangement is left after all the volatile components are evaporated. 
Brinker et al. stated in a review article that self-assembly is “the spontaneous organisation 
of materials through non-covalent interactions (such as) hydrogen bonding, Van-der-Waals 
forces, electrostatic forces, π -π-interactions, etc. with no external intervention.” 
The process of spontaneous self-organisation was applied via dip coating the gold coated 
glass slides from an alcoholic surfactant solution, that was too dilute to contain micelles. 
As the dip coated ﬁlms dry during the pull out process the volatile components (alcohol 
and water) evaporate from the ﬁlm. Accordingly, the surfactant is concentrated in the 
presence of the titania oxo-clusters, titania precursors that are complexed by water and 
hydrochloric acid. 
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Figure 5.9: Preparation of the sensor was carried out by dip coating, implying evaporation induced 
self-assembly (EISA) of an ordered mesoporous titania thin ﬁlm onto a gold-coated glass slide. EISA 
occurs upon pulling the ﬁlms out from the titania precursor system. 
Since, there are many possible variations how the two positive charges (according to the 
phase diagram in ﬁgure 5.6) are balanced (e.g. by closely associated chloride ions), and due 
to the uncertainty about the coordination number of titanium (IV ) (between 4 - 6, which 
strongly depends on the type and size of the ligand(s)) it can only be approximated that 
2 - 4 water molecules are associated with the titanium atoms. The interactions between 
the titania nanoentities and the block copolymer can be therefore assumed to be due to 
hydrogen bonding61,23. 
The titanium nano-cluster and associated chloride ions are representing the non-volatile 
hydrophilic domain around the Pluronics P123 micelles. The greater the ratio of this 
domain to the polymer, the greater the surface curvature in the ﬁnal mesostructure. 
Depending on variations of this ratio it is possible to achieve at least three diﬀerent 
possible liquid crystal structures. The equation can only be back calculated from empirical 
data. 
In this thesis the synthesis of ordered mesoporous TiO2 is approached by using the 
P123 triblock copolymer and titanium alkoxides as the initial reaction agents. The weak 
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surfactant-precursor interactions involved in the synthesis reactions made possible the 
eﬀective elimination of the block copolymer by either solvent extraction or alternatively by 
a pre-calcination heating step. 
5.2.4 Experimental 
In order to produce 3D-mesoporous nc-titania thin ﬁlms of a titanium(IV) precursor 
solution was prepared with the nonionic block copolymer (Pluronics P123) as the structure-
directing agent. The process began with hydrolysis of titanium(IV) ethoxide (TEOH) in 
concentrated hydrochloric acid. The ratio of water (present in the acid solution) to Ti 
was held constant at 6 : 1, which is equivalent to the stoichiometry of water and titanium 
cation in the hexaaquahydroxo-titanium(IV) complex. This ratio was expected to allow for 
the most complete hydrolysis possible in the solution, prior to making the ﬁlms. The total 
amount of block copolymer was varied in order to ﬁnd the optimum fraction to achieve 
highly porous structures and interconnected pores throughout the whole ﬁlm structure. 
Therefore, the initial solution was made in two separate ﬂasks; one containing the titania 
precursor with the general form of Ti(OR)4 in highly acidic hydrochloride solution, the 
other one containing the structure directing amphiphilic block copolymer in alcoholic 
solution. 
5.2.4.1 Ethanolic Solution 
In the ﬁrst series of experiments, pure ethanol was used as the alcoholic solvent and the 
titania source (Ti(OR)4) was chosen to be titanium(IV) ethoxide with R = C2H5 (TnEO, 
Sigma-Aldrich). Subsequent experiments revealed that titanium(IV) isopropoxide with 
R = C3H7 (TiPO, Sigma-Aldrich) could also be used. Titanium isopropoxide is beneﬁcial as 
it is more stable in air and less reactive towards ambient humidity, no signiﬁcant change in 
synthesis conditions or resulting structure was observed. Although, the absolute amount 
of the precursor had to be adjusted accordingly to keep the ratio of water (present in 
the acid solution) to Ti constant at 6 : 1. In the case of an absolute amount of 3.2g of 
hydrochloric acid (12.1M ), which contained 62% water (i.e.2g water), 1.6g TnEO and 2.0g 
PiPO were required to be added to the acid at a very slow rate, at a temperature of 0° and 
under vigorous stirring. 
Meanwhile, in the second ﬂask, an alcoholic solution of 1g P 123 (MW = 5800, Aldrich) 
in 12g ethanol was prepared. After 20 minutes, the EtOH/P 123 solution was carefully 
added (1 drop each 10 seconds) to the rigorously stirred mixture of TnEO/HCl or 
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TiPO/HCl, respectively. The resulting sol was then aged at room temperature (RT ) for 
2 − 3 hours under continuous stirring. Subsequently, uniform and transparent thin ﬁlms 
were produced by dip-coating the gold coated glass substrates at a constant withdrawal 
rate of 1mms−1 out of the freshly prepared solution. After the ﬁlms had been aged for 
additional 24h at room temperature and a controlled relative humidity (RH) of 50% and 
95%, respectively, the as-synthesised thin ﬁlms were then calcined in an oven according 
to a temperature program at 450°C for 5h (ramp of 1°C min−1) in ambient atmosphere. 
This thermal treatment ﬁrst gently removed the block copolymer completely, and as the 
temperature increased it allowed the titania precursor to cross-link, and ﬁnally, the 
inorganic structure (oxide) to crystallise and to leave an interconnected network of pores 
throughout the material. These ﬁlms were subsequently characterised using scanning 
electron microscopy (SEM) and optical waveguide spectroscopy. 
5.2.4.2 Butanolic Solution 
During the course of experiments the initial solution mixture was modiﬁed and titanium(IV) 
n-butoxide (TnBO, Sigma-Aldrich) was used as titanium source. The P 123/TnBO system 
was used on the basis of its reported success in producing large-area crack-free and 
optically transparent meso-nc-titania thin ﬁlms19,41 with large pores. The alcoholic solvent 
for the amphiphilic block copolymer (P123) was also changed to nBuOH. A more detailed 
explanation is given in section5.2.3.1. The post-synthetic treatment was identical to the 
procedures described in 5.2.4.1 with no alterations. The experimental variations are 
summarised in table 5.2. These ﬁlms were also subsequently characterised using scanning 
electron microscopy (SEM) and optical waveguide spectroscopy. 
Precursor Alcoholic Solvent Ageing Conditions 
TnEO / TiPO EOH/iPO RT/50% RH 
EOH/iPO RT/95% RH 
nBOH RT/50% RH 
nBOH RT/95% RH 
TnBO EOH/iPO RT/50% RH 
EOH/iPO RT/95% RH 
nBOH RT/50% RH 
nBOH RT/95% RH 
Table 5.2: Shows the experimental matrix of precursors and alcoholic solutions at diﬀerent ageing 
conditions. 
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5.2.5 Results and Discussion 
5.2.5.1 Chemistry 
The hydrolysis of the titanium(IV ) species in concentrated hydrochloric acid was success­
fully implemented. Moreover, the use of the acidic synthesis conditions outlined in section 
5.2.2 provided appropriate conditions for the organisation of TiO2 into a mesostructure 
having both a high surface area and pore walls formed by incipient anatase nanocrystals. 
Small amounts of precipitate were initially formed, but they were very quickly and eﬀect­
ively re-solubilised and no kind of permanent precipitate of bulk titania powder remained 
in the solution. This was attributed to the pH of < −1 in the solution, and the fact that at 
the concentrations used in these experiments water was able to solubilise titanium(IV ) 
oxo-clusters (see ﬁgure 5.4 for details). Furthermore, it was advantageous to hydrolyse 
the titania species to this high degree as this greatly reduced the system’s (parasitic) 
sensitivity to humidity through hydrolysis and condensation steps during the synthesis. 
Nevertheless, the ambient water still aﬀected the condensation process in the titania ﬁlms. 
Dry conditions tended to drive oﬀ water from the ﬁlms and therefore increased the rate and 
degree of condensation, whereas very wet conditions in some cases led to the formation of 
condensed water droplets on the surface of the ﬁlm or even washed the ﬁlm completely oﬀ 
the gold-coated substrate surface. 
Due to a small degree of condensation that appeared in the hydrolysis solution, the 
titania(IV ) oxo-clusters appeared to continue growing during the time they were in 
the hydrolysis solution. The growth was proportionally determined by H/I, with the 
hydrolysis ratio H = [H2O]/[Ti] and the inhibitor ratio I = [H+]/[Ti]. Accordingly, 
the growth of nanoentities was slowed down by dilution of the mixture with additional 
alcohol. Suﬃciently small building blocks allowed for better structuring within the ﬁlm. 
If, however, the nano oxo-clusters were allowed to grow further, it was only possible to 
achieve structures with lower curvature. In consequence of the acidic conditions, again, 
the titania entities seemed to be well-prevented from aggregating and precipitating out as 
white powder. 
Once the titania oxo-clusters were incorporated into the liquid crystal architecture of 
the block copolymer and assembled into the mesostructure, they were not cross-linked 
into a rigid and interconnected network, therefore, the somewhat ﬂexible structure had 
to be locked in by thermal treatment (calcination). The diagram in ﬁgure 5.10 shows 
schematically the Gibbs free energy for the formation process of the mesostructured ﬁlms. 
There were various pathways possible in order to manipulate the liquid crystal structure 
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Figure 5.10: Titania nanoentities on free energy scale Schematic energy diagram for the synthesis of 
mesoporous titania ﬁlms. 
after the inorganic species was added (refer to ﬁgure 5.10). Obviously, the addition of the 
non-volatile fraction of inorganic nano-clusters itself, consisting of the titania oxo-complex 
and associated chloride ions, greatly altered the spatial distribution. More precisely, the 
amount of the inorganic fraction proportionally forced a higher curvature on the micellar 
architecture, which had to be considered when the volume fractions were chosen. 
5.2.5.2 Equilibration Time 
Although, the amount of water was ﬁxed, other parameters were used to modify the 
mesostructure. For example, the time which the solution mixture was allowed to equilibrate. 
This equilibration time greatly inﬂuenced the degree of mesoscopic order in the ﬁnal ﬁlms. 
As the aim of this synthetic approach was to produce interconnected pores throughout 
the whole ﬁlm, a mesostructure with a cage-like character was desired. Contrary to the 
lamellae and tubule which do not result in three-dimensional pore networks but ultimately 
collapse upon removal of the organic template during calcination, a (dense) spherical 
packing of micelles does fulﬁl this requirement, by leaving a cage-like imprint on the 
inorganic species. 
In general, lamellar morphology (i.e. stratiﬁed sheets) can be created with high volume 
fractions of P123 to titania(IV ) precursor, thus allowing for low curvature of the hydro­
phobic/hydrophilic interface of the micelles. With the synthetic approaches, presented 
within this thesis, no lamellar structure was observed after calcination at > 400◦C, experi­
ments aiming for such results produced crystalline bulk titania, likely due to a complete 
collapse of the meso phase upon template removal (see ﬁgure 5.11). 
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Figure 5.11: SEM images of the surface of collapsed lamellae which resulted in a thin layer of 
crystalline bulk titania after sintering the ﬁlms 
Therefore, in order to produce spherical packing of micelles throughout the mesophases, 
the size of the titanium(IV) poly-oxo-clusters had to be kept small to allow for highly 
curved micelles to exist, otherwise the mesophases transformed into tubule or lamellae. 
As well as the volume fraction of the surfactant and the inorganic in the hydrophilic 
phase, the time the mixture was sirred for also greatly controlled the mesophases. Since it 
appeared that the equilibration time was directly related to the oxo-cluster growth due to 
its polymerisation reaction rate, the stirring time was reduced to just 10 − 12 minutes, in 
order to retain large, highly polymerised Ti(IV) oxo-cluster, which preferentially stabilised 
in less curved structures. 
The short stirring time, however, did not allow the micelles to arrange properly and the 
SEM images of the ﬁrst results revealed thin ﬁlms with very poor structure templating 
success (see ﬁgure 5.12). The same was true for ﬁlms if the solution was stirred for more 
than 30 minutes; no meso-phase ordering, and accordingly no kind of order was obtained 
in the calcined ﬁlms. 
Figure 5.12: SEM images of the surface of mesostructured porous ﬁlms after sintering and template 
polymer removal. 
This problem was overcome by slowing down the polymerisation of the oxo-clusters with 
the addition of more alcoholic solvent during the equilibration period. The alcohol served 
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well as dilutant and also helped to control the ﬁnal ﬁlm thickness and homogeneity by 
adjusting the viscosity of the solution (while the dipping rate was kept constant), thus 
altering the ageing time and allowing for longer assembly duration. The SEM images taken 
of these ﬁlms are shown in ﬁgures 5.13. The images clearly depict the sphere-like shape 
of the micelles, or rather the negative imprint of those, which is left after the calcination 
step when the polymer is decomposed and the nc-titania nanoentities sinter together in 
order to form a rigid network. 
Figure 5.13: SEM images of the surface of mesostructured porous ﬁlms produced at medium humidity 
levels. 
These ﬁlms, however, had many cracks, often in the range of micrometres, therefore the 
relative humidity (RH) was increased from 60% to 95% in order to extend the time available 
for self-assembly of the micelles during the dip-coating and ageing period. A representative 
SEM image of a meso-nc-titania ﬁlm, obtained at 95% RH is shown in ﬁgure 5.14. 
Figure 5.14: The increased level of ambient humidity resulted in more ordered structuring of the 
porous network and also in smooth crack-free surfaces as compared to 5.13. 
Slightly increased order in pore arrangement was observed, compared to the ﬁlms obtained 
at 60% RH; most likely in consequence to the extended time where suﬃcient mobility 
was allowed for the micelles to rearrange. Since the rapid evaporation rate of the ethanol 
mainly determined the mobility within the micellar arrangement and the ambient water 
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additionally supported condensation of the nanoentities, no drastic change was expected 
with high RH. Nevertheless, the ﬁlms showed a much smoother surface and absence of 
larger cracks. 
These smooth thin ﬁlms were deposited onto a gold-coated glass slide and further charac­
terised by means of optical waveguide spectroscopy (OWS). The angular scan spectra were 
taken both, in air and in an aqueous environment in order to determine the porosity of the 
ﬁlms. As shown in ﬁgures 5.15 and 5.16, the experimental values were ﬁt with a Fresnel 
simulation of the optical multilayer system, where the meso-nc-titania ﬁlm served as the 
waveguiding layer. The simulations were ﬁt to the measured data with the values listed in 
tables above the corresponding reﬂectivity scans. 
Thickness, d [nm] Refractive Index, n [a.u.] Extinction, κ [a.u.] 
Prism/Substrate ∞ 1.84498 0 
Gold Film 48 0.312 3.823 
meso-nc-Titania 1488 1.741 0.001 
Superstrate ∞ 1.000 0 
Figure 5.15: The OWS spectrum in air of mesoporous templated thin ﬁlms at two diﬀerent polarisations 
(red: TM, black: TE). Simulated Fresnel ﬁts are shown as dotted curves for both polarisations in the 
corresponding colours. The simulation parameters for the ﬁt are shown above. 
The solid curves represent experimental data points (red: TM polarisation, black: TE 
polarisation) and the dashed curves illustrate the Fresnel simulation ﬁt. The reﬂectivity 
spectra show signiﬁcant, but still reasonable absorption coeﬃcients within the meso-nc­
titania waveguide ﬁlm. Therefore the meso-nc-titania layer was considered to have a 
box-proﬁle in its refractive index. For comparison the Fresnel simulation ﬁt with zero 
extinction (κ = 0) is shown (dotted curves). 
Both reﬂectivity scans (in air and water) show good accordance with the calculated 
values over the whole angular range, and the ﬁlms can therefore be accepted as isotropic 
with respect to the laser wavelength (λHeNe = 632.8nm) applied for the measurement. 
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Thickness, d [nm] Refractive Index, n [a.u.] Extinction, κ [a.u.] 
Prism/Substrate ∞ 1.84498 0 
Gold Film 48 0.312 3.823 
meso-nc-Titania 1488 1.880 0.001 
Superstrate ∞ 1.333 0 
Figure 5.16: The OWS spectrum in air of mesoporous templated thin ﬁlms at two diﬀerent polarisations 
(red: TM, black: TE). Simulated Fresnel ﬁts are shown as dotted curves for both polarisations in the 
corresponding colours. The simulation parameters for the ﬁt are shown above. 
The porosity was calculated for all mesoporous thin ﬁlms according to the Bruggeman 
EMT. With the refractive index of the bulk anatase known (nT i,bulk(anatase) = 2.1775), 
the calculated porosity for the meso-nc-titania ﬁlm, based on the measurements in air 
(nair(20◦C) = 1.000) and in aqueous medium (nwater(20◦C) = 1.333) was 32.0% The 
porosity was homogeneously distributed within the meso-nc-titania ﬁlm. 
5.2.5.3 Titania Precursor 
The liquid crystal structure was further manipulated by swelling (or collapsing) the 
hydrophobic core of the micelles to a certain extent, in order to achieve greater pore 
diameters. Therefore, titanium(IV) n-butoxide (TnBO) was introduced to serve as the 
titanium(IV) precursor, as it releases n-butanol in-situ. 41 This additional component 
acted as a swelling agent and assembled with its hydrophobic tail onto the hydrophobic 
polypropylene core of the surfactant micelle. Consequently, the diameter of the hydrophobic 
volume increased and resulted in greater pore diameters in the calcined mesostructured 
ﬁlm. The principle is sketched in ﬁgure 5.17. 
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Figure 5.17: Schematic representation of the formation mechanism of the large-pore meso-nc-TiO2 
ﬁlms. I: original block copolymer micelle. II: micelle swelled by n-BuOH released in situ. 
Figure 5.18: The left SEM image shows the pore sizes when TiPO is used as inorganic precursor 
(∅ = 12 ± 2nm) (left). For comparison, the right SEM image of a mesoporous thin ﬁlm depicts the 
increase in pore size (∅ = 17 ± 3nm) due to in-situ released n-butanol and according swelling of the 
hydrophobic core of the micelles. Please pay attention to the scale bars at the bottom of the images. 
The scale bar in the left image shows 10nm, and 20nm in the right image. 
The porosity was calculated by the Bruggeman EMT independently from both spectra 
(ﬁgure 5.19 and 5.20) to be 45.0% and 44.5% in air and water, respectively. By, comparing 
the SEM images and waveguide spectra of the original TnEO/TiPO system and the 
TnBO system micelles, an increase in pore diameter of ca. 5nm (ca. 40%) and accordingly 
an increase of the overall porosity (pore volume) from 32.0% to 45.0% was achieved by 
substitution of the Ti(IV) precursor. This eﬀect was attributed to the ability of the in-situ 
release of n-butanol chains and according swelling of the hydrophobic core of the triblock 
copolymer micelles. 
However, due to the increase in the fraction of hydrophobic components in the mixture, 
micelles had larger hydrophobic volumes, and therefore, lower surface curvature was 
created. The low curvature often resulted in undesired self-assembly to cylindrical 
hydrophobic domains of the triblock copolymer P123. Even though this architecture 
159 
5 Synthesis of Mesoporous Titanium Oxide Thin-Films 
Thickness, d [nm] Refractive Index, n [a.u.] Extinction, κ [a.u.] 
Prism/Substrate ∞ 1.84498 0 
Gold Film 48 0.312 3.823 
meso-nc-Titania 2039 1.575 0.001 
Superstrate ∞ 1.333 0 
Figure 5.19: The OWS spectrum in air of mesoporous thin ﬁlms of the imprint of swollen micelles 
and accordingly increased porosity pore structure at two diﬀerent polarisations (red: TM, black: TE). 
Simulated Fresnel ﬁts are shown as dotted curves for both polarisations in the corresponding colours. 
The simulation parameters for the ﬁt are shown above. 
Thickness, d [nm] Refractive Index, n [a.u.] Extinction, κ [a.u.] 
Prism/Substrate ∞ 1.84498 0 
Gold Film 48 0.312 3.823 
meso-nc-Titania 2039 1.770 0.0006 
Superstrate ∞ 1.333 0 
Figure 5.20: The OWS spectrum in water of mesoporous thin ﬁlms of the imprint of swollen micelles 
and accordingly increased porosity pore structure at two diﬀerent polarisations (red: TM, black: TE). 
Simulated Fresnel ﬁts are shown as dotted curves for both polarisations in the corresponding colours. 
The simulation parameters for the ﬁt are shown above. 
also allows for mesoporous (titania) ﬁlms with accessible open-pores, such ﬁlms did not 
support an interconnected pore-network throughout the whole mesostructured material, 
but rather resulted in one-dimensional and isolated domains. 
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During calcination of ﬁlms templated using cylindrical domains at temperatures > 400°C, 
the inorganic imprint of these rod-like micelles became unstable. Ultimately, the nano­
crystalline titania network underwent structural breakdown and collapsed into a wormlike 
(vermicular) arrangement. Upright-standing, tube-like hexagonally mesostructured cal­
cined ﬁlms have not been observed within the framework of this thesis. 
Experiments showed that the water and acid contents played an important role during 
self-assembly, yielding vermicular mesophases at low water concentrations (see ﬁgure 
5.21, left column), but transforming to spherically packed mesostructure imprints at 
higher concentrations (see ﬁgure 5.21, middle and right column). 
Figure 5.21: Vermicular structure observed at low water concentrations and 60% RH (left). high 
water concentrations and 60% RH (middle). high water concentrations and 95% RH (right). The scale 
bars of the SEM images in the top row shows 200nm, 100nm in the middle row, and 20nm in the 
bottom row. 
In order to introduce high water content into the dip-coated ﬁlm, the levels of external 
relative humidity (RH) were adjusted between 50% and 95%, respectively, during the 24h of 
ageing. As depicted in ﬁgure 5.21, depending on the presence and the amounts of available 
ambient water, the transformation to vermicular meso structures could be suppressed. 
SEM images like the ones in ﬁgure 5.21 show the vermicular channels made by the 
hexagonally packed micelles. The fact that these hexagonal structures were not stable 
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upon removal of the surfactant implies that they may undergo a transformational phase 
change into lamellar or partially lamellar arrangements, which, again, collapse upon 
thermal treatment at temperatures > 400°C. These vermicular structured ﬁlms can also 
be useful, but not for applications where highly connected networks of pores are needed. 
OWS scans of the calcined vermicular meso-nc-titania ﬁlm in air are shown below. In 
most cases, it was not possible to ﬁt the Fresnel simulation to the measured data within 
the given parameter space. As one representative example the approximation with 
nmeso−nc−T iO2 = 1.600 is depicted in ﬁgure 5.23 
Thickness, d [nm] Refractive Index, n [a.u.] Extinction, κ [a.u.] 
Prism/Substrate ∞ 1.84498 0 
Gold Film 48 0.312 3.823 
meso-nc-Titania 1200 1.600 0 
Superstrate ∞ 1.000 0 
Figure 5.22: The OWS spectrum in air of mesoporous thin ﬁlms of vermicular pore structure at two 
diﬀerent polarisations (red: TM, black: TE). Fresnel simulation revealed inhomogeneous ﬁlm density 
and were not able to ﬁt the reﬂectivity scan with one homogeneous box proﬁle. The simulations are 
shown as dotted curves for both polarisations in the corresponding colours. The initial simulation 
parameters are shown above. 
Consequently, it was necessary to give up on the homogeneous-one-box-proﬁle-layer 
simulation and increase the number of box-proﬁle-layers with individual box-indices (still 
assuming homogeneity within each individual layer) until the simulation described the 
real vermicular meso-nc-titania ﬁlm. It was suﬃcient to assume a four-layer system, as 
shown below in ﬁgure 5.23 and 5.24. 
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Thickness, d [nm] Refractive Index, n [a.u.] Extinction, κ [a.u.] 
Prism/Substrate ∞ 1.84498 0 
Gold Film 48 0.312 3.823 
meso-nc-Titania 200 1.797 0.001 
50 1,402 0.003 
900 1,600 0.002 
60 1,510 0.004 
Superstrate ∞ 1.000 0 
Figure 5.23: The OWS spectrum in air of mesoporous thin ﬁlms of vermicular pore structure at two 
diﬀerent polarisations (red: TM, black: TE). Fresnel simulation was extended to four sub-layers 
within the ﬁlm in order to ﬁt the inhomogeneous mesostructure density. The simulations are shown 
as dotted curves for both polarisations in the corresponding colours. The initial simulation parameters 
are shown above. 
With the (arbitrarily) chosen four layer fragmentation of the meso-nc-titania ﬁlm the 
Fresnel simulation of the multi-layer system was in good agreement with the measured 
data. Also the individual porosities of each of the four-layers, according to the Fresnel 
simulation, imply for both measurements (in air and in aqueous environment) only a 
very slight discrepancy of just 7% (less in the measurements with water as inﬁltrating 
medium), however, the deviation is monotonically represented in all four layers. This again 
legitimates the presumption that, even though the porosity is inhomogeneous (due to the 
collapse of the mesoscopic architecture), the pores are interconnected throughout the 
whole meso-nc-titania ﬁlm and complete inﬁltration of the pores with water was carried 
out successfully. 
This arbitrarily chosen fragmentation of the meso − nc − TiO2 layer (in ﬁgure 5.23) allows 
to ﬁt the experimentally obtained reﬂectivity curve but, however, does not necessarily 
describe the real RI proﬁle of the structure. It might be possible to chose another number 
and/or combination of sub-layers with individual refractive indices to also ﬁt the reﬂectivity 
curve. Therefore, this multi-box-proﬁle can not be assumed as valid description until it 
does not describe also the reﬂectivity spectrum of the same meso − nc − TiO2 ﬁlm after a 
refractive index change, induced by the exchange of the cover medium (air to water) and 
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subsequent inﬁltration of the mesopores, still with the identical layer fragmentation (see 
ﬁgure 5.24). 
Thickness, d [nm] Refractive Index, n [a.u.] Extinction, κ [a.u.] 
Prism/Substrate ∞ 1.84498 0 
Gold Film 48 0.312 3.823 
meso-nc-Titania 200 1.985 0.001 
50 1,690 0.003 
900 1,848 0.002 
60 1,771 0.004 
Superstrate ∞ 1.333 0 
Figure 5.24: The OWS spectrum in water of the identical mesoporous thin ﬁlm as shown above in 
ﬁgure 5.23 at two diﬀerent polarisations (red: TM, black: TE). Simulated Fresnel ﬁts are shown as 
dotted curves for both polarisations in the corresponding colours. The simulation parameters for the 
ﬁt are shown above. 
5.2.5.4 Solvent 
The degree of self-assembly was also controlled by adjusting the solvent concentration 
and hence the conditions during the equilibration process (e.g. dilution, time, selective 
swelling/collapsing, temperature) of the mixture before ﬁlms were dip coated. Of course, 
the amount of block copolymer had to be adjusted in order to meet the requirements 
to match each liquid crystal phase or rather the molar composition of the surfactant. 
Additional modiﬁcation to the mesostructure was achieved by changing the alcoholic 
solvent, i.e. using n-butanol instead of ethanol for the solubilisation of the amphiphilic 
block copolymer, in order to obtain a more selective aﬃnity to either the hydrophobic or the 
hydrophilic fractions. For this purpose n-butanol (also other long-chain alcohols) served 
very well without changing the parameter space greatly, however, they did reduce the 
critical micellar concentration (CMC) of the non-ionic surfactant in aqueous solution. The 
ternary phase diagram of the P123/n-BuOH/water system34 (see ﬁgure 5.25) was used 
to predict phases in the hope of producing large-area, crack-free, optically transparent 
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mesoporous nc-titania ﬁlms19,18. The starting ratios of the individual components were 
identical to those described in section 5.2.4 with the same aim of obtaining densely packed 
spherical micelles as the templating architecture. 
Figure 5.25: Ternary phase diagram of the P123/n-BuOH/water system. 
The ﬁlms obtained using the P123/butanol/water system (see ﬁgure 5.26) were highly 
porous and the mesostructure was interconnected throughout, giving ﬁlms with desirable 
properties for sorption studies, but also for applications as optical waveguides. For optical 
applications as a waveguide, the mesostructure introduced (optical) density ﬂuctuations 
which were (1) far below λHeNe = 632.8nm and (2) homogeneous throughout the whole 
ﬁlm due to the absence of extended long-range order. Also, since the pores were highly 
interconnected, this type of mesoporous material allowed for quick inﬁltration of the 
voids. Such mesostructured titania ﬁlms were obtained after calcination at temperatures 
> 400°C. The thermal treatment allowed the inorganic entities (i.e. titania nano cluster) 
to partially crystallise into the anatase phase, making a semiconducting, optically and 
electrically active, mesoporous thin-ﬁlm material. The formation of these comb-like 
mesostructures required the micelles of the highest curvature (spheres, rather than sheets 
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or rods), therefore, the solution ageing times had to be kept below 10 minutes. The short 
stirring time kept the degree of polymerisation of the titania precursors low, allowing them 
to associate with the highly curved hydrophobic volume of the spherical micelles. 
Figure 5.26: SEM images of the surface of mesostructured porous ﬁlms after sintering and template 
polymer removal. The increased level of ambient humidity resulted in slightly more ordered structuring 
of the porous network. The scale bars of the SEM images in the top row shows 200nm, 100nm in the 
middle row, and 20nm in the bottom row. 
Not only the solution equilibration times, but also the ambient conditions during ﬁlm 
ageing had a profound eﬀect on the mesostructure ﬁnally formed. The ﬁlms were stored 
under ambient conditions (20 − 25°C, 1atm) for several hours in order to allow micelles 
to assemble into 3D-hexagonal, rather than disordered spherical micellar structure. The 
phase diagram in ﬁgure 5.6 shows that phase transition from hexagonal to disordered 
166 
5 Synthesis of Mesoporous Titanium Oxide Thin-Films 
occurs at temperatures below 20°C, at this particular polymer concentration. 
No further eﬀort was undertaken to achieve solely, cubic or hexagonal packing (referring 
to ﬁgure 5.6), therefore, the dip-coating process was always operated at 20◦C. However, in 
order to introduce high water content into the dip-coated ﬁlm, levels of external relative 
humidity (RH) were adjusted to 50% and 95%, respectively, during the 24h of ageing. The 
ﬁlms prepared at high humidity levels were more deﬁned in their structural arrangement, 
forming slightly higher degrees of order and very homogeneous thicknesses with smooth 
surfaces. 
Thickness, d [nm] Refractive Index, n [a.u.] Extinction, κ [a.u.] 
Prism/Substrate ∞ 1.84498 0 
Gold Film 48 0.312 3.823 
meso-nc-Titania 1829 1.548 0.0012 
Superstrate ∞ 1.000 0 
Figure 5.27: The OWS spectrum in air of dip-coated mesoporous thin ﬁlms from templated titania 
precursor at two diﬀerent polarisations (red: TM, black: TE). Fresnel ﬁts were simulated are shown 
as dotted curves for both polarisations in the corresponding colours. The simulation parameters for 
the ﬁt are shown above. 
These ﬁnal modiﬁcations to the solvents used in the self-assembly process of surfactant 
templated meso-nc-titania, resulted in the highest porosities achieved with this synthetic 
approach, as EMT calculations from OWS scans and respective Fresnel simulation ﬁts of 
the scans yielded values as high as 47% of pore volume. 
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Thickness, d [nm] Refractive Index, n [a.u.] Extinction, κ [a.u.] 
Prism/Substrate ∞ 1.84498 0 
Gold Film 48 0.312 3.823 
meso-nc-Titania 1829 1.751 0.001 
Superstrate ∞ 1.333 0 
Figure 5.28: The OWS spectrum in water of dip-coated mesoporous thin ﬁlms from templated titania 
precursor at two diﬀerent polarisations (red: TM, black: TE). Fresnel ﬁts were simulated are shown 
as dotted curves for both polarisations in the corresponding colours. The simulation parameters for 
the ﬁt are shown above. 
Also the calculated pore volumes for both (the scan in air and in water) were in good 
accordance to each other. Only a slight deviation between the experiment and the ﬁt 
of as little as 0.5% was noticed. This fact gives rise to the statement that these highly 
interconnected pores formed a homogeneous network throughout the whole meso-nc­
titania ﬁlm and would allow for rapid and complete exchange of the void-ﬁlling medium. 
Furthermore, no signiﬁcant anisotropy within the structure was observed (with λHeNe = 
632.8nm) which substantiated the assumption of the ﬁlms being homogeneous throughout 
the whole thickness. 
5.3 Nanopores Formed by Anodisation 
In the present section, the utilisation of a ’top-down’ technique is introduced in order to 
obtain another type of titania mesostructure: self-organised titania nanotube arrays. The 
formation of these, perpendicular to the metal surface aligned, nanometre sized titania 
tubes was achieved via an electrochemical anodisation technique, which was combined 
with wet chemical processes. 
Although, a great variety of nano- and mesostructured titania architectures have been 
successfully produced by classical approaches such as template based, and sol–gel 
methods, for example nano-wires, nano-rods and nanotubes8,17, recent ﬁndings of the 
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self-ordering growth by anodic oxidation63,26,10 have attracted rapidly growing interest in 
this ﬁeld of research (see e.g.43). Since Zwilling and co-workers just one decade ago, in 
1999, ﬁrst grew self-ordered titania nanostructures63 by anodising Titanium in a ﬂuoride 
containing electrolyte (the obtained structures turned out to appear in a tubular shape), 
these tube-like titania structures were greatly optimised in their desired properties, i.e. 
length and shape10,42,1. 
In general, anodising is a process, applied to produce an oxide ﬁlm or coating on certain 
metals – aluminium, niobium, tantalum, titanium, tungsten, zirconium – and alloys by 
electrolysis. Therefore, the metallic surface to be treated acts as the anode in an electrolytic 
cell and is therefore electrochemically oxidised. This electric ﬁeld assisted oxidation step 
is fairly complex in its nature, since dissolution processes take place at the same time 
and the changing topology alters the complex ﬁeld geometries. Nevertheless, once the 
parameter space is ﬁxed it is an easily reproducible method. Highly sophisticated protocols 
are available for the anodisation of Titanium, and exactly describing the process conditions 
which help to control and promote the growth of an oxide layer. 
Originally, anodisation has been carried out widely with the aim to improve certain 
surface properties, such as corrosion resistance, abrasion resistance, appearance, etc. 
Furthermore, since the oxide surface ﬁlm is (highly) porous, it has been utilised for 
colouring of metals by the incorporation of pigments or dies into the pores of the oxide 
surface layer. In fact, nowadays it became this porous coating that is most often thought 
of as the actual product of anodising. 
Within the framework of this thesis, the growth of (high aspect ratio) titania (i.e. Ti­
tanium(IV) oxide, TiO2) nanotubes has been achieved by electrochemical anodisation 
in suitable (acidic) electrolytes (e.g. ﬂuoride containing solutions). Mesoporous anodic 
titania assemblies are characterised by cylindrical pores of a high aspect ratio which 
run straight through the ﬁlm thickness, whereas having a narrow size distribution of 
pore diameters. Under optimal processing conditions, the growth of this porous oxide 
is completely self-organised, however, leading into a variety of diﬀerent structures. The 
speciﬁc properties of mesostructured titania, such as catalysis (self-cleaning), sensing, 
changes of wettability under UV illumination or solar energy conversion caused great 
interest for these materials within the last few years. 
Essential, in order to obtain such oxide structures and to achieve highly deﬁned tubes by 
simple anodisation is a controlled treatment of Titanium in ﬂuoride containing solutions. 
Generally, the morphology of porous titania, and in particular of the tubular layers is 
aﬀected strongly by the electrochemical anodisation conditions of the anode metal (i.e. 
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applied potential, electrolyte species, temperature, potential ramping speed, electrolyte pH, 
electrolyte viscosity, etc.). Accordingly, various diﬀerent titanium oxide structures can be 
obtained, for example ﬂat compact oxide ﬁlms, randomly disordered porous layers, highly 
self-organised porous ﬁlms, and of course the desirable highly self-organised nano-tubular 
layer (ﬁgure 5.29 schematically depicts the classiﬁcation). 
In published literature highly ordered and self-organised assemblies of titania nanotubes 
with lengths of several hundred nanometres have been reported. Most approaches grown 
the titania nanotubes on either thin titanium foils (< 1mm) or on sputtered Titanium 
thin-ﬁlms (∼ 0.1mm). Depending on applied anodisation parameters, titania nanotubes 
with pore diameters ranging between 20nm and 200nm, and typical wall thicknesses of 
10nm to 25nm were achieved. 
Figure 5.29: Morphologies which can be obtained by electrochemical anodisation of metallic titanium: 
a compact oxide ﬁlm, a disordered random nanoporous layer, a self-ordered nanoporous or a 
self-ordered nanotube layer. (Reprinted from24). 
As illustrated in ﬁgure 5.29, four diﬀerent oxide morphologies may be obtained by anodising 
one identical starting material (see ﬁgure5.29b)). In general, the anodisation of most metals 
in most electrolytes results in a bulk oxide layer, referred to as barrier layer. Such dense 
oxide layers are formed via a so-called high ﬁeld mechanism, which basically summarises 
a number of simultaneously occurring electrochemical processes (depicted in ﬁgure5.29a)) 
at the anode (i.e. Titanium surface facing the electrolyte solution) under suﬃciently high 
voltage: (1) Metallic Titanium (Ti0) is oxidised to its Ti4+ cation at the metal–oxide interface. 
While these Ti4+ ions migrate outwards (forced by the applied ﬁeld), (2) Oxygen anions 
(O2− ions) are dragged (under the applied ﬁeld) towards the oxide surface, incorporated 
into the oxide layer, and forced to migrate towards the metal/oxide interface. Depending 
on the rate of this transfer within the oxide lattice with respect to O2− vs. Ti4+ cation, 
the oxide ﬁlm begins to form either at the outer oxide surface or at the inner metal/oxide 
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interface. Since the whole process is forced by a voltage, which is constantly applied, and 
the oxide layer is permanently increasing, the ﬁeld strength within the oxide is successively 
reduced, and therefore the growth continuously slowed-down and ﬁnally self-limiting. As 
a result a ﬂat layer of bulk titania oxide is produced with a ﬁnal thickness proportional to 
the applied voltage. 
Speciﬁc modiﬁcation of this high-ﬁeld process, however, can lead to diﬀerent porous 
surface oxide morphologies. In particular, electrolyte and voltage conditions have to be 
optimally adjusted in order to selectively yield either random porous networks, organised 
pore assemblies, or aligned and ordered nano-tubular structures. 
Figure 5.30: SEM images showing the oriented porous titania architecture as one accessible porous 
morphologies that can be produced by anodisation. 
Deriving the oxide formation process 49,52,53,1,46 from the original protocol for anodisation 
of Aluminium (Al), where acidic electrolytes led to the formation of a porous oxide layer38, 
whereas more neutral to alkaline conditions allowed a compact layer to grown, these 
known conditions were used as ﬁrst approximation for the application on Titanium as 
anode material, in order to further optimise the system to achieve an almost ideal degree 
of self-organisation45. 
With regard to the origin of anodisation-induced self-ordering of pores in alumina, 
Parkhutik and Shershulskii50 already considered the steps schematically represented in 
Fig. 5.32 in their pioneering work in the early nineties. They described the process of 
electrochemical oxidation as follows: At the beginning of electrochemical oxidation, the 
surface of aluminium is covered entirely with a compact, uniform anodic oxide (Fig. 5.32 
a). The distribution of the electrical ﬁeld in the oxide, however, is strongly correlated with 
the surface morphological ﬂuctuations (more pronounced ﬂuctuations lead to more local 
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focused electrical ﬁeld, as shown in Fig. 5.32 b). As a result, ﬁeld-enhanced dissolution in 
the anodic oxide takes place and the pores start to form (Fig. 5.32 c). Successively, the pore 
growth process reaches a steady-state and uniformly distributed pores are obtained (Fig. 
5.32 d). Related to this sequence a current–time behaviour is obtained as in Fig. 5.32 e). 
The metal oxidation at the bottom of the pores takes place uniformly and simultaneously, 
and the material can only expand vertically, i.e. the existing pore walls are pushed upwards 
(Fig. 5.32 f). However, it is clear that for aluminium a pre-requisite for pore formation is a 
suﬃciently acidic electrolyte (Fig. 5.32 g) or an electrolyte containing Al3+-complexing 
ions to solvatise a certain amount of cations54. 
Figure 5.31: Schematic representation of alumina pore formation by electrochemical anodisation: 
(a) formation of the anodic oxide on aluminium; (b) local ﬁeld distribution correlated to the surface 
morphological ﬂuctuations; (c) initiation of the pore growth due to the ﬁeld-enhanced dissolution; 
(d) pore growth in steady-state conditions; (e) represents the current transient recorded during 
anodisation of Al; (f) and (g) show the inﬂuence of the volume expansion and the local acidity on the 
alumina pore growth, respectively. (Reprinted from 24). 
Although, the above described processes describe the anodic oxide growth on metallic 
Aluminium, it was found that the same scheme, as depicted in ﬁgure 5.32a), suites the 
description of anodisation steps on other metals (such as Ti) as well. 
As mentioned before, oxide growth is controlled by ﬁeld-aided ion transport (O2− and 
Ti4+ ions) through the growing oxide. Furthermore, the arriving cations need to be 
solvatised. For titanium, in contrast to aluminium, a low pH is not suﬃcient to create 
porous oxide layers (a low pH is normally not suﬃcient to solvatise Ti4+, see section 
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5.2.2 for further details) and under almost all anodisation conditions compact oxide layers 
were obtained. An exceptional case is given in the presence of ﬂuoride ions where the 
situation become diﬀerent. The determining feature of ﬂuoride ions is their ability to 
form water-soluble hexaﬂuoro-titanium(IV) (TiF6
2−) complexes. These complexes aid the 
prevention of Titanium-oxide layer formation at the tube bottom, and this also leads to 
mild but persistent chemical dissolution of formed TiO2. Moreover, due to the small 
ionic radius inherent to ﬂuorides, they are able to inﬁltrate the growing TiO2 lattice and 
to be transported by the applied electric ﬁeld through the oxide (competing with O2− 
transport) to the metal–oxide interface1. All these three factors seem to be essential for 
tube formation. These processes are schematically represented in ﬁgure 5.32. 
Figure 5.32: Schematic representation of the Ti anodisation (left) in absence of ﬂuorides (results in 
ﬂat layers), and (right) in presence of ﬂuorides (results in the tube growth). 
5.3.1 Experimental 
The herein presented work was carried out in the course of a close cooperation with 
the group of Prof. Dr. P. Schmuki at Institute for Surface Science and Corrosion (LKO) 
(Friedrich-Alexander University in Erlangen, Germany) and accordingly the protocols 
for anodic oxidation of Titanium were only modiﬁed in order to suite the formation of 
mesoporous titania for optical thin ﬁlm applications. 
The Titanium samples (0.1-mm thick foils, 99.6% purity, Goodfellow) were degreased by 
sonicating in acetone, isopropanol, and methanol, then rinsed with deionised water and 
dried in a nitrogen stream. Thereafter, the foils were polished according to the procedure 
described in the experimental chapter. 
In later stage of the project the experimental approach for the anodisation processes 
were therefore optimised in order to allow for the growth of nanotube arrays from thin Ti 
ﬁlms44,11 (for example evaporated or sputtered layers) on a (gold coated) glass substrate. 
The preparation of porous oxide ﬁlms from thin Ti layers required that the initiation 
phase, where a disordered oxide is formed, was shortened, and accordingly, the chemical 
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dissolution rate to be minimised. Successful approaches were based on lowering the 
electrolyte temperature or by using optimised electrolytes11.The actual electrochemical 
treatment of the metallic substrates and the composition of the electrolyte bath is described 
in the experimental chapter. 
5.3.2 Results and Discussion 
In spite of the successful and reproducible production of titania nanotube arrays with 
thicknesses ranging between 1.5µm and 2.5µm, and aspect ratios of 25 to 50, it was not 
adequately possible to ﬁt the Fresnel simulation to the experimental data. In ﬁgure 5.34 a 
representative example is depicted. 
Figure 5.33: Electron microscopy images of titania nanotube array ﬁlms with rough tube wall 
structure. v Images provided by collaborators. 
The main reason for the poor waveguide properties of the titania nanotube arrays was 
attributed to the surface roughness of these ﬁlms and also to large amounts of scattered 
light caused by the periodic thickness irregularities of the crystalline side-walls of the 
individual tubes (compare ﬁgure 5.33). 
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Figure 5.34: The OWS spectrum in air of thin ﬁlms of nanotube arrays f at two diﬀerent polarisations 
(red: TM, black: TE). Fresnel simulations were not possible to ﬁt the reﬂectivity scan, and are therefore 
not shown. 
However, also the relatively large pore (tube) diameters of approximately 100nm, with 
regards to the applied laser wavelength for OWS application were a point of concern. 
Accordingly, in the next step of the project, the aim was put onto the improvement of these 
characteristics. Therefore, new approaches were undertaken for the anodic formation 
of titania nanotube arrays, and our collaborators at the LKO made use of new ﬁndings 
regarding the inﬂuence if electrolyte composition and mainly its viscosity on the morphology 
of formed tubules44 . The adjustment of the electrolyte viscosity, i.e. the application of 
highly viscous glycerol instead of water as electrolyte medium resulted in very smooth 
tubular structures, and also smaller pore diameter of approximately 50nm (refer to ﬁgure 
5.35). 
Figure 5.35: Side views of the titania nanotube arrays produced by anodisation depicting the 
optimised tube wall structures. Images provided by collaborators. 
In addition, it was observed that variations in the operating temperature of the electrolyte 
bath showed profound impact on the tubular wall morphology. This was explained by the 
direct relation of operating temperature to the electrolyte viscosity, and accordingly the 
suppression of current oscillations during anodisation42 . The OWS spectra taken of these 
improved titania nanotube arrays are presented in ﬁgure 5.36 and ﬁgure 5.37. 
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Thickness, d [nm] Refractive Index, n [a.u.] Extinction, κ [a.u.] 
Prism/Substrate ∞ 1.84498 0 
Gold Film 48 0.312 3.823 
meso-nc-Titania (TE) 814 1.695 0.013 
meso-nc-Titania (TM) 
Superstrate 
814 
∞ 
1.587 
1.000 
0.010 
0 
Figure 5.36: The OWS spectrum in air of thin ﬁlms of nanotube arrays f at two diﬀerent polarisations 
(red: TM, black: TE). Fresnel ﬁts were simulated are shown as dotted curves for both polarisations in 
the corresponding colours. The simulation parameters for the ﬁt are shown above. 
The recorded angular reﬂectivity scans were improved (compared to the scans of the ﬁrst 
generation of titania nanotube arrays, representative shown in ﬁgure 5.34), but still the 
Fresnel simulation could only be inadequately applied to ﬁt the experimental data. 
Thickness, d [nm] Refractive Index, n [a.u.] Extinction, κ [a.u.] 
Prism/Substrate ∞ 1.84498 0 
Gold Film 48 0.312 3.823 
meso-nc-Titania (TM) 814 1.800 0.010 
meso-nc-Titania (TE) 
Superstrate 
814 
∞ 
1.747 
1.333 
0.010 
0 
Figure 5.37: The OWS spectrum in water of thin ﬁlms of nanotube arrays f at two diﬀerent polarisations 
(red: TM, black: TE). Fresnel ﬁts were simulated are shown as dotted curves for both polarisations in 
the corresponding colours. The simulation parameters for the ﬁt are shown above. 
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Also the inﬁltration of the voids with water, whereby the refractive index contrast of pore 
space to matrix material was reduced, compared to the measurement in air, respectively, 
the theoretical description of the experiment remained to a high degree uncertain. 
5.4 Mesoporous Films from Sintered Nanoparticles 
5.4.1 Introduction 
As an alternative to the fairly complex techniques of titania precursor-based block copoly­
mer templating in order to obtain the mesoporous structure or the anodisation of metallic 
titanium, feasible 3D-mesoporous ﬁlms were also achieved by sintering nanoparticles (i.e. 
nanocolloids) together. 
The resulting ﬁlms oﬀered accessible interconnected pores throughout the whole ﬁlm 
thickness, however, with the beneﬁt of a simple one-pot synthesis protocol. More accurately, 
the nanocolloids were synthesised via sol-gel method, though ﬁlms were also prepared 
directly from commercially available colloidal sols of titania nanoparticles (Solaronix, T/HT 
Colloids) and dry titania powder (BASF, P25). The preparation techniques are covered 
in section 5.4.2. In this section results and discussion based on SEM images as well as 
optical waveguide spectra of the produced thin-ﬁlm materials will be presented. 
The principle underlying this method for mesoporous thin ﬁlm production is fairly straight­
forward and proved to be very reproducible. Basically, the titania nanocolloids were mixed 
with a sacriﬁcial polymer, coated onto the glass-substrates and ﬁnally sintered in order to 
decompose the organic component and accordingly to leave a mesoporous and rigid titania 
architecture. A schematic illustration of the preparation steps is given in ﬁgure 5.38. 
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Figure 5.38: Schematic illustration of the reparation steps for the mesoporous thin-ﬁlms from titania 
nanoparticle mixed with Carbowax M polymer entities. 
The various nanoparticle of titania, which were applied in this approach were restricted in 
size to not exceed 25nm nanometre (� λHeNe ), in order to assure good optical properties 10 
and only little scattering losses due to the refractive index ﬂuctuations within the ﬁlm 
architecture. 
The synthesis of titania nanocrystals was achieved by means of elaborated wet chemistry, 
i.e. sol-gel chemistry. Hydrolysis and poly-condensation of titanium(IV) alkoxide of the 
general form of Ti(OR)4 was performed in aqueous solution at acidic reaction conditions. 
The solution at low pH provided stabilisation of the ionic titania oxo-clusters formed in this 
medium (for further details see sections 5.2.1 and 5.2.2). The obtained oxo-cluster were 
organised in such manner to favour self-assembly into intermediate amorphous titania 
nanocrystals, which, in turn, self-assemble into anatase super-lattices, when undergoing 
autoclaving with the here presented reaction conditions. This process has been subject 
to a great deal of attention. Great theoretical work, particularly interesting to this work 
has been provided31, which allowed to understand and predict inorganic polymerisation 
in the case of transition metal oxides and, in this particular work, in the case of titania. 
This fundamental developments have been exploited for the processing of anatase titania 
nanocrystals of homogeneous size and shape by adjusting the relative concentrations 
of titanium(IV) alkoxide and acid, the reaction temperature, and the pressure. The 
resulting nanocrystalline colloidal titania particles had a narrow size distribution, were 
non-aggregated and conform to a single anatase phase, according to published TEM and 
XRD analysis16 . 
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5.4.2 Experimental 
The titanium dioxide colloidal sol was prepared by adding a mixture of 1mL of 2-propanol 
(Aldrich, anhydrous 99.8+%) and 3.7mL of titanium-(IV)-isopropoxide (Aldrich, 99.9%) 
drop wise over 30min to 8mL of glacial acetic acid (DH, 100%) and 25mL of de-ionised 
water in a conical ﬂask at 0°C. The solution was allowed to return to room temperature 
and was stirred for 8 hours at 80°C. The so obtained gel-like sol was then transferred to a 
PTFE-lined titanium autoclave (Parr General Purpose Acid Digestion Bomb, Model No. 4744) 
and heated at 230°C for 12 hours. When cool the sol was removed from the autoclave, 
sonicate for 15 minutes in a sonic bath (KERRY, 250 W ultrasonicator). The solution 
was than concentrated to 150g/L on a rotary evaporator (BUCHI, R-114). Finally, 0.4g of 
Carbowax (Riedel-de-Haen, Carbowax 2000) was added and the mixture was allowed to 
stir for at least 12 hours before use. 
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Figure 5.39: Schematic illustration of the production process in order to obtain mesoporous thin ﬁlms 
of sintered titania nanocolloids. 
A glass rod was used for spreading out the colloidal sol of nanocrystalline TiO2 evenly 
across the hydrophilic functionalist gold surface, making a clean and transparent ﬁlm, as 
illustrated in ﬁgure5.40. The ﬁlm thickness was mainly determined by the viscosity of 
the paste itself and by the height of the tape (Scotch, Magic Tape) that was used to ﬁx the 
substrates. This particular tape was chosen because it can be easily removed from the 
glass without leaving traces of adhesive materials, but in general every other tape might 
be app lid. In order to achieve ﬁlm thickness of 1.5–2µm, one layer of tape was required, 
although this depended on the paste concentration used. A slow dry-out of the solvent and 
a progressive heating was necessary to ensure optimal adhesion of the titanium dioxide 
layer onto the gold ﬁlm. 
Figure 5.40: Illustration of the doctor blading (application) technique for spreading the nano-colloidal 
sol homogeneously on the substrates via an ordinary glass. 
After complete evaporation of the solvent the titanium dioxide nanocolloids and Carbowax 
M mixture formed a smooth ﬁlm which was than heated for 30 min at 450°C. This 
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treatment allowed the titanium dioxide nanocrystals to sinter partially together, in order 
to ensure electrical contact and mechanical adhesion on the glass. While heating up (e.g. 
rate: 100°C/min) the ﬁlms, ﬁrst turned brownish (sometimes fumes are release), and later 
they turned yellowish-white due to the temperature dependent band-gap narrowing in the 
pure titanium dioxide (anatase phase). This was the sign that the sintering process was 
completed. The cooling rate was chosen to avoid cracking of the glass (cool down from 
450°C to 60 − 80°C in 3 minutes). 
Alternatively, dip coating was also applied for ﬁlm formation on gold-coated glass slides at 
constant dipping rates of 1mm . s 
5.4.3 Results and discussion 
The simplest method to produce mesoporous thin ﬁlms by sintering titania nanoparticles 
together in order to form a randomly porous inorganic network was approached by 
three diﬀerent protocols. The ﬁrst one applied was based on commercially available 
P25 nanoparticles (Ø=25nm) dispersed in ethanol and mixed with a sacriﬁcial polymer 
(Carbowax) as placeholder for the voids. One drop of the sol was equally spread on a gold 
coated glass substrate and accordingly characterised. 
Figure 5.41: SEM images showing the surface of mesoporous thin ﬁlms from sintered P25 colloids at 
two diﬀerent magniﬁcations. 
The granular mesoporous structure is clearly visible in the above shown SEM image 5.41. 
The relatively big (Ø=25nm) titania crystals are expected to produce quite rough surfaces 
and also provoke relatively high internal scattering. As Illustrated in the OWS scan in 5.42, 
the obtained angular depending reﬂectivity could be ﬁtted by the Fresnel simulation of 
the optical multi-layer system. However, as assumed the OWS scan revealed pronounced 
reﬂectivity losses which resulted in vehement variation to the Simulated curves. The OWS 
scan in ﬁgure 5.42 was representative for the whole series of mesoporous thin titania 
ﬁlms which were formed via the powdery P25 nanoparticle source. The porosity of these 
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ﬁlms was calculated on the basis of the obtained reﬂectivity spectra in air to be 36.5% in 
average. 
Thickness, d [nm] Refractive Index, n [a.u.] Extinction, κ [a.u.] 
Prism/Substrate ∞ 1.84498 0 
Gold Film 48 0.312 3.823 
meso-nc-Titania 2230 1.677 0.001 
Superstrate ∞ 1.000 0 
Figure 5.42: The OWS spectrum in air of mesoporous thin ﬁlms from sintered P25 particles at two 
diﬀerent polarisations (red: TM, black: TE). Fresnel ﬁts were simulated are shown as dotted curves 
for both polarisations in the corresponding colours. The simulation parameters for the ﬁt are shown 
above. 
After the ﬁrst series of experimental work on this approach it became apparent that the 
quality, provided by the commercially available powdery titania nanoparticles, was not 
suﬃciently high to serve in optical application for the proposed mesoporous waveguide. 
Therefore, another commercially available source of titania nanoparticles was chosen, how­
ever, with smaller particle sizes this time (Ø=9nm). Ti-Nanoxide HT is a paste containing 
about 11% nanocrystalline titanium dioxide. This paste was specially designed by the 
manufacturer in order to fulﬁl the prerequisites for the formation of highly transparent 
(when sintered) photoelectrodes for dye sensitised solar cell application. The crystalline 
titania nanoparticles were delivered in form of a stabilised colloidal dispersion in a mixture 
of ethanol, water, and organic binders. One drop of the as-received sol was evenly spread 
onto a gold-coated glass slide and accordingly characterised. 
The presented SEM photographs (refer to ﬁgure 5.43), again show the distinct granular 
character of the mesoporous nanocrystalline thin ﬁlm, however, based on the smaller 
particle diameters much ﬁner structures were formed in comparison with the powdery 
P25 nanoparticles. Therefore, the optical characteristics were expected to be also of higher 
quality. 
The obtained angular reﬂectivity scans were ﬁt in good accordance with the Fresnel 
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Figure 5.43: SEM images showing the surface of mesoporous thin ﬁlms produced by sintering thin 
ﬁlms applied from the commercially available HT paste at two diﬀerent magniﬁcations. 
Thickness, d [nm] Refractive Index, n [a.u.] Extinction, κ [a.u.] 
Prism/Substrate ∞ 1.84498 0 
Gold Film 48 0.312 3.823 
meso-nc-Titania (TE) 1004 1.740 0.003 
meso-nc-Titania (TM) 1004 1.702 0.008 
Superstrate ∞ 1.000 0 
Figure 5.44: The OWS spectrum in air of mesoporous thin ﬁlms from sintered HT paste at two diﬀerent 
polarisations (red: TM, black: TE). Fresnel ﬁts were simulated are shown as dotted curves for both 
polarisations in the corresponding colours. The simulation parameters for the ﬁt are shown above. 
Simulation of the optical multi-layer. However, for optimal ﬁt of the OWS scan in air it was 
necessary to account for the anisotropy within the waveguiding thin ﬁlm and to introduce 
two slightly diﬀerent refractive indices for the two polarisations, TM and TE, respectively. 
Nevertheless, the scan curves showed still distinct features of various loss pathways within 
the mesoporous ﬁlms and according variation to the calculated curves, which were mainly 
ascribed to the surface roughness caused by colloid agglomerates. The porosities of the 
ﬁlms were calculated on the base of the taken OWS scans in air to be 35% (perpendicular 
through the ﬁlm, measured by TM) and 32% (parallel through the ﬁlm, measured by TE) 
and 36% in water for both polarisations, respectively. 
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Thickness, d [nm] Refractive Index, n [a.u.] Extinction, κ [a.u.] 
Prism/Substrate ∞ 1.84498 0 
Gold Film 48 0.312 3.823 
meso-nc-Titania 1004 1.840 0.014 
Superstrate ∞ 1.333 0 
Figure 5.45: The OWS spectrum in water of mesoporous thin ﬁlms from sintered HT paste at two 
diﬀerent polarisations (red: TM, black: TE). Fresnel ﬁts were simulated are shown as dotted curves 
for both polarisations in the corresponding colours. The simulation parameters for the ﬁt are shown 
above. 
As a consequence of the unsatisfying optical properties, inherent to the nano-granular ﬁlms 
so far the attempt was made to synthesise the ﬁlms ab-initio from molecular precursors 
(as described above in section 5.4.2) in order to gain control of each individual step of the 
ﬁlm formation. 
After successful synthesis of nanocrystalline titania colloids with a relatively homogeneous 
particle size of approximately 10nm, it was repeatedly observed that sintered ﬁlms tend 
to form cracks in the order of several micrometres throughout the whole ﬁlm (of several 
square centimetre) as depicted in ﬁgure 5.46. 
Figure 5.46: Micrometre sized cracks were observed in the ﬁlms if the applied sol was to dilute. 
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This problem was overcome by adjusting the concentration of nanocrystals in the produced 
colloidal sol to 150 gL in a rotary evaporator. Colloidal sols of lower concentrations tended to 
produce large cracks, whereas more concentrated sols (i.e.150 g L ) allowed for the formation 
of smooth and crack-free thin ﬁlms of several square centimetre. Infrequently also the 
concentrated sol produced cracks, but, however, only locally restricted and of much 
smaller extensions. Figure 5.47 shows such an example of occasionally observed small 
cracks. 
Figure 5.47: SEM images of the surface of mesoporous ﬁlms after sintering of the concentrated sol. 
Cracks were rarely observed, however, being just very localised. The resulting ’nano canyon’ allows 
for an insight into the ﬁlm morphology, showing a homogeneously random architecture. 
Certainly, this SEM images (in ﬁgure 5.47) and in particular the region of the crack in the 
ﬁlm can be used to identify the homogeneously isotropic arrangement of the nanocrystals 
throughout the whole ﬁlm thickness. The OWS scans taken of these mesoporous ﬁlms are 
presented below in ﬁgures 5.48 and 5.49, for the case in air and in aqueous environment, 
respectively. 
The angular reﬂectivity spectrum of the ab-initio controlled ﬁlms showed reasonably good 
optical properties regarding the good consistence with calculated Fresnel simulations of 
the optical multi-layer assembly. 
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Thickness, d [nm] Refractive Index, n [a.u.] Extinction, κ [a.u.] 
Prism/Substrate ∞ 1.84498 0 
Gold Film 48 0.312 3.823 
meso-nc-Titania 1201 1.4712 0.001 
Superstrate ∞ 1.000 0 
Figure 5.48: OWS spectrum in air of the ab-initio controlled thin ﬁlms after sintering. Angular 
reﬂectivity scans are shown at two diﬀerent polarisations (red: TM, black: TE). Fresnel ﬁts were 
simulated are shown as dotted curves for both polarisations in the corresponding colours. The 
simulation parameters for the ﬁt are shown above. 
Thickness, d [nm] Refractive Index, n [a.u.] Extinction, κ [a.u.] 
Prism/Substrate ∞ 1.84498 0 
Gold Film 48 0.312 3.823 
meso-nc-Titania 1201 1.6792 0.001 
Superstrate ∞ 1.333 0 
Figure 5.49: OWS spectrum in water of the identical ﬁlm as above in ﬁgure 5.48. Angular reﬂectivity 
scans are shown at two diﬀerent polarisations (red: TM, black: TE). Fresnel ﬁts were simulated 
are shown as dotted curves for both polarisations in the corresponding colours. The simulation 
parameters for the ﬁt are shown above. 
Both spectra taken in air and in water, respectively, reveal a consistent porosity of 54.5%, 
being the highest obtained porosity with this approach until that point. These promising 
results and also the fact that the measurement in aqueous environment has veriﬁed the 
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complete inﬁltration of the porous network with the liquid medium, gave rise to more 
synthetic adjustments in order to further optimise the waveguiding properties of these 
mesoporous thin ﬁlms while preserving or even increasing the porosity. 
The ﬁrst attempt to optimise the nano-granular mesoporous ﬁlms was made by increasing 
the particle size of the nanocrystals in order to achieve a less dense packing of the titania 
around the sacriﬁcial polymer and therefore, again, to increase the porosity. For that 
reason the autoclaving time of the sol was prolonged from 12 hours to be double, i.e. 24 
hours. Resulting mesoporous ﬁlms of these colloid assemblies are shown below in ﬁgure 
5.50. 
Figure 5.50: SEM images of the surface of mesoporous ﬁlms after sintering of the nanocrystals of 
increased size (compare to ﬁgure 5.53). Cracks were not observed. 
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The increase in particle size to approximately 20nm (compared to the previous synthesis, 
depicted in ﬁgure 5.47) is clearly apparent from the SEM images in ﬁgure 5.50. In spite of 
the increased particle size of the nanocrystals, the OWS scans showed reasonably good 
accordance to the calculated Fresnel simulation. Nevertheless, a signiﬁcant decrease in 
incoupled light intensity (depth of the dips at the resonant mode coupling angles) was 
observed (see ﬁgure 5.51). Also signiﬁcant damping of the reﬂected intensity at high angles 
of incidence was observed, which strongly indicates distinctive surface scattering. The 
increased surface roughness was accounted to the larger particles used to assemble the 
ﬁlm, whereas the decrease in ΔR at the resonance coupling conditions was most likely 
(also) due to the large grain sizes, but mainly caused by greater mono crystalline areas 
inherent to the larger crystals, as one possible loss-pathway. 
Thickness, d [nm] Refractive Index, n [a.u.] Extinction, κ [a.u.] 
Prism/Substrate ∞ 1.84498 0 
Gold Film 48 0.312 3.823 
meso-nc-Titania 1212 1.4642 0.009 
Superstrate ∞ 1.000 0 
Figure 5.51: OWS spectrum in air of the mesoporous thin ﬁlm after sintering the enlarged nano colloids 
together. Angular reﬂectivity scans are shown at two diﬀerent polarisations (red: TM, black: TE). 
Fresnel ﬁts were simulated are shown as dotted curves for both polarisations in the corresponding 
colours. The simulation parameters for the ﬁt are shown above. 
The equivalent losses were observed in the OWS scans in aqueous medium, however 
revealing a fully inﬁltratable and exchangeable pore volume of 54.5% of the whole ﬁlm 
volume, which, surprisingly, meant no increase increase of porosity (compared to the 
previously shown results). Although, the results show that larger particles may be used 
for the assembly of these ﬁlms, the ﬁlms exhibited weaker overall performance as optical 
waveguide. 
The ﬁnal approach in order to increase the waveguiding properties of the nano-granular 
mesoporous thin ﬁlms was undertaken by dip-coating the gold coated glass slides out of 
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Thickness, d [nm] Refractive Index, n [a.u.] Extinction, κ [a.u.] 
Prism/Substrate ∞ 1.84498 0 
Gold Film 48 0.312 3.823 
meso-nc-Titania 1212 1.6842 0.009 
Superstrate ∞ 1.333 0 
Figure 5.52: OWS spectrum in water of the identical ﬁlm as above in ﬁgure 5.51. Angular reﬂectivity 
scans are shown at two diﬀerent polarisations (red: TM, black: TE). Fresnel ﬁts were simulated 
are shown as dotted curves for both polarisations in the corresponding colours. The simulation 
parameters for the ﬁt are shown above. 
the nanocrystalline colloidal sol (Ø ∼ 10nm) at a withdrawal rate of 1mm . In addition to s 
the extended control of the ﬁlm application, also the ambient humidity was increased to 
95%RH with the aim to allow the still-wet thin ﬁlms for slower evaporation of the solvent 
and consequently more time to arrange into the ﬁnal network. The SEM images of resulting 
ﬁlms are shown in ﬁgure 5.53. 
The obtained ﬁlms were highly porous and homogeneously random assembled. The overall 
smooth surface was crack-free over a range of several square centimetre very homogeneous 
in thickness. The OWS scan show the angular reﬂectivity curve almost perfectly ﬁtted by 
the Fresnel simulations, for both cases, in air and aqueous medium, respectively. 
The porosity was calculated from obtained spectra to be 52.5% in both cases, proving the 
accessibility of the pore space by complete inﬁltration with the liquid medium. 
5.5 Summary and Conclusion 
A variety of approaches for the synthesis of mesoporous titania ﬁlms was introduced. 
In the framework of the synthetic work the signiﬁcant parameters for optimum optical 
and sorptive were determined and accordingly adjusted. The synthesis protocols were 
optimised as such, in order to obtain reproducible and homogeneous ﬁlms with good optical 
proterties, thus high porosity and relatively large pore sise at the same time. The resulting 
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Figure 5.53: SEM images of the surface of dip-coated mesoporous ﬁlms after sintering of the 
nanocrystals. Cracks were not observed. 
ﬁlms oﬀer accessible interconnected pores throughout the whole ﬁlm thickness, however, 
with the beneﬁt of a simple one-pot synthesis protocol. These ﬁlms were successfully used 
for optical waveguide spectroscopy. 
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Thickness, d [nm] Refractive Index, n [a.u.] Extinction, κ [a.u.] 
Prism/Substrate ∞ 1.84498 0 
Gold Film 40 0.187 3.48 
meso-nc-Titania 1013 1.4968 0 
Superstrate ∞ 1.000 0 
Figure 5.54: OWS spectrum in air of the dip-coated mesoporous thin ﬁlm after sintering. Angular 
reﬂectivity scans are shown at two diﬀerent polarisations (red: TM, black: TE). Fresnel ﬁts were 
simulated are shown as dotted curves for both polarisations in the corresponding colours. The 
simulation parameters for the ﬁt are shown above. 
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Abstract 
Optical waveguide spectroscopy has been used to study the real-time diﬀusion of Ruthenium 
535-bisTBA (N-719) dye into mesoporous nanocrystalline titanium dioxide ﬁlms. The 
porous ﬁlms were prepared on top of gold substrates and prism coupling was used to create 
guided waves in the nanocrystalline ﬁlms. Dying was carried out by bringing the ﬁlm into 
contact with a 3 10−4mol dm−3 dye solution and using optical waveguide spectroscopy · 
to monitor the change in both the refractive index and the extinction coeﬃcient of the 
mesoporous layer as dye diﬀused into the porous network. Dye uptake in a 1.27 µm 
ﬁlm was slow with the refractive index of the ﬁlm still increasing after 22 hours. The 
concentration of optically active dye molecules was 2.4 10−4mol cm−3 (as a function · 
of total ﬁlm volume) at equilibrium The diﬀusion coeﬃcient of the dye in the ﬁlm was 
estimated to be 6 10−11cm2s−1 .· 
6.1 Introduction 
Transport of adsorbate in porous materials is a topic of great interest and importance for 
science and technology. Transport in porous wide band gap semiconductor materials is of 
particular importance due to their wide-spread use in emerging nanotechnology applica­
tions. The need to understand diﬀusion phenomena on the nanometre scale is gaining 
more importance too. As one example the sensitisation of mesoporous titanium oxide with 
molecules capable of absorbing light in a broad range of the solar spectrum has led to the 
development of an eﬀective photovoltaic device: the Dye Sensitised Nanocrystalline Solar 
Cell (DSSC). The basic concepts behind the DSSC will be introduced in this chapter, with 
particular focus on the eﬀects of dye loading on the performance of the DSSC. As DSSCs 
go into commercial production, the controlled transport of molecules within nano-scaled 
systems has to be understood in greater detail. Particularly when wet-chemical processes 
at the liquid/solid interfaces are of major relevance to DSSC performance. But also from 
a more fundamental point of view, the variety of interactions which are possible when 
molecules have to diﬀuse through a liquid which is restricted by porous structures on 
the nanometre scale seems to be worth a deeper investigation. Therefore the second 
part of this chapter will outline the fundamentals of diﬀusion processes and relate their 
limitations to the characteristic properties of mesoporous titania ﬁlms. The last part of 
this chapter will introduce the OWS-based methodology developed in the framework of 
this thesis in order to investigate diﬀusion processes in mesoporous ﬁlms in-situ. 
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6.2 Dye Sensitised Solar Cell 
One practical application of mesoporous nanocrystalline titanium oxide (meso − nc − TiO2) 
is as the photoanode in the Dye Sensitised Nanocrystalline Solar Cell (DSSC), ﬁrst reported 
by O’Regan and Grätzel in 1991. The fundamental idea behind DSSCs is the symbiotic 
interaction of dye molecules with a large band gap semiconductor electrode. In contrast to 
all-solid conventional semiconductor solar cells which use the combination of two doped 
crystals (n-type and p-type) to create an electric ﬁeld in the depletion region near to the 
junction to transport electrons, the dye-sensitised solar cell is a photo-electrochemical 
solar cell. Special dyes have been developed and accordingly tuned to absorb the incoming 
photons in the desired region of the solar spectrum and with the ability to inject charges 
into the conduction band of the meso − nc − TiO2. A distinct feature of these devices 
is the mesoscopic structure of the semiconductor. In combination with the electrolyte 
the composite system is commonly referred to as a ‘bulk’ or 3D junction (in contrast 
to 2D p-n-junctions, ﬁgure 6.1 (left)) due to the interpenetrating network of pores (see 
ﬁgure 6.1 (right)). The mesoscopic morphology produces an interface with a huge area 
(up to 100m2g−1 and even more when templating techniques are applied), endowing these 
systems with intriguing optoelectronic properties. 
Figure 6.1: On the left a standard 2D p-n-junction is sketched and the principle of charge transport 
depicted. The right scheme highlights the highly increased area for the p-n-junction at the internal 
surface of the mesoporous material. 
The light-to-electron conversion process in DSSCs diﬀers fundamentally from the one in 
the conventional solar cells. Figure 6.2 shows a band diagram explaining the principle of 
operation of the DSSC, where the meso− nc −TiO2 takes the centre stage. Electric contact 
is established between the nanocrystals by sintering them together. Electrons are injected 
into the conduction band of the semiconductor after photo-excitation of the dye which is 
attached to the nanocrystalline surface. The reduced dye is then regenerated by electron 
donation from the electrolyte, usually an organic solvent containing the iodide/tri-iodide 
(I/I3
−) couple. The electrolyte itself is regenerated at the counter electrode by reduction of 
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the tri-iodide, the circuit being completed through the external load. 
Figure 6.2: Energy diagram of the chromophore-meso − nc − TiO2 interface. Electrons of the dye 
located in the semiconductor energy gap are promoted by absorbed photons from the ground state 
(S0) into an excited state (S1) that is in resonance with the conduction band (CB). Typically, the dye 
excited state is well inside the CB. Eﬃcient electron injection into the edge of the CB avoids the 
energy and voltage loss by relaxation to the CB edge that is unavoidable if injection occurs deep into 
the CB. The injected electron delocalises from surface to bulk, simultaneously relaxing to the bottom 
of the CB owing to coupling to vibrations. If the electron returns to or remains trapped at the surface, 
it recombines with the positive charge residing on either the chromophore or the electrolyte mediator. 
6.2.1 Titania Surface 
The TiO2 valence band (VB) is formed by oxygen orbitals. The conduction band (CB) is 
created by the d-orbitals of titanium atoms12 . The band gap of bulk titania is 3.2 eV. 
The close proximity to the surface induces lowering of the band gap energy substantially 4 , 
however, saturation with dissociated water molecules brings back the value close to the 
bulk band gap energy. Typically (as a n-type semiconductor), titania traps electrons at its 
surface, resulting in a negatively charged surface while it is in contact with air or liquids. 
Consequently, an oppositely charged layer is induced at the surface of the nanocrystals 
in order to preserve overall electric neutrality. This, again, results in the characteristic 
’bending up’ of the energy band in close proximity to the surface. The bands can be moved 
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down again, for example in solutions with low pH as they support a large amount of 
positive charge carriers which accumulate at the surface. 
6.2.2 Sensitiser Chromophore 
The dye molecules harvesting light and are optimised to match the energy levels of 
meso−nc−TiO2 but also to be thermally and photochemically stable2. Under illumination 
the dye forms a photo-excited state which is also the donor state for the interfacial charge 
transfer to the meso − nc − TiO2 electrode. The rate at which charge transfer occurs is 
strongly determined by the energies of the dye-meso−nc−TiO2 donor-acceptor states and 
how these interact with each other, i.e. how coupling is achieved24. Most generally applied 
sensitiser molecules chemisorb on the titania surface via oxygen containing substituents 
(e.g. hydroxyl, carboxyl, and phosphoric acid groups) in order to form a very strong bond, 
only separating the π-system of the dye from the surface by an oxygen atom and therefore 
resulting in very strong electronic coupling to the titania nanocrystals (see ﬁgure 6.3). 
Figure 6.3: Schematic illustration of a binding geometry for the dye titania assembly. 
Ruthenium based dyes, and more precisely the Ruthenium 535-bisTBA or “N-719” dye in 
particular, has emerged as the benchmark of sensitising species for meso − nc − TiO2 
based solar cells, mainly owing to its high eﬃciency and photochemical stability16 . The 
dye molecules are adsorbed onto the internal surface of a several micron thick nc − TiO2 
ﬁlm. The dyes absorb strongly in the visible spectrum and charge separation occurs 
when photo-excited electrons are injected from the dye into the nc − TiO2. The dye is 
regenerated by donation of an electron from a redox mediator (usually solvated I3
−) and the 
electrons in the meso − nc − TiO2 ﬁlm diﬀuse to a ﬂuorine doped tin oxide (FTO) contact 
where they are measured as a photocurrent in the external circuit (detailed illustration in 
ﬁgure 6.4). 
To date, the highest eﬃciency is over 11%, achieved by employing a Ru complex dye, TiO2 
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Figure 6.4: The working principle for DSSCs is illustrated, details are given in the test. 
electrode, and I−/I3 - redox couple. 9, although the average eﬃciency of these systems is in 
the majority of cases < 10%. Despite progress in the eﬃciency and stability of these solar 
cells, there are many fundamental aspects of their operation that are still unknown. The 
detailed structure of the dye/semiconductor interface is a central problem for which there 
is little information. Theoretical aspects of the binding of the favoured ruthenium complex 
sensitisers to the anatase surface have been discussed31,30,32 . Another fundamental 
process, for which there is limited information, is the regeneration reaction between the 
photo-oxidised dye and the iodide ion that is commonly used to regenerate the adsorbed 
dye. 
Therefore, several reasons can be considered for the low eﬃciencies (compared to Si-based 
devices), nevertheless, it seems apparent that the imperfect ﬁlling of the pores of the meso− 
nc − TiO2 with the dye is the core of the problem. Accordingly, there is great motivation 
to understand and to control this process since it seems to be the key to assure optimal 
eﬃciency. In order to make DSSCs with reasonably high eﬃciencies it is crucial to optimise 
and control the adsorption behaviour of the molecules. Therefore, it is of extraordinary 
interest to investigate transport (and) diﬀusion processes in nanosized domains to better 
understand dye coverage. Accordingly, there is great demand for methodologies that allow 
for the in-situ measurement of diﬀusion occurring within mesoporous ﬁlms. 
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6.3 Transport and Adsorption in Mesoporous Titania Thin-Films 
The last 18 years have seen large improvements in the eﬃciencies of DSSCs. A vari­
ety of new nano- and mesoporous architectures and highly photo-stable sensitiser 
molecules35 have been introduced. Despite the progress there remain some crucial 
details of DSSC operation for which limited information is available. One area is 
the study of dye diﬀusion, adsorption and surface coverage as well as the question 
as to whether the dye is homogeneously spread throughout the meso − nc − TiO2 
ﬁlm. Typically, dying of the meso − nc − TiO2 ﬁlm is done by immersing the ﬁlm 
in dye solution for approximately 12 hours. Dyes such as cis − diisothiocyanato − 
bis(2, 2−bipyridyl−4, 4−dicarboxylato)ruthenium(II)bis(tetrabutylammonium) known 
as Ruthenium 535 − bisTBA or “N-719” are commonly adsorbed from a 3 10−4M solution.· 
Dye adsorption from ethanol has been investigated as well as from a 50 : 50 t-butanol:acetonitrile 
mixture. Recently a number of promising new dyes including NaRu(4, 4´ − bis(5 − 
hexylthiophen−2−yl)−2, 2´ −bipyridine)(4−carboxylicacid−4´ −carboxylate−2, 2´ − 
bipyridine)(NCS)2 (C101) have been developed which show high molar extinction coef­
ﬁcients across the visible range26. There has also been research showing that the 
temperature at which self-assembly of the dye on the meso − nc − TiO2 surface is carried 
out is an important parameter controlling dye packing and solar cell eﬃciency. The 
co-adsorption of small molecules such as deoxycholic acid have also been found to improve 
dye packing, to reduce recombination and improve eﬃciency21. Dying times can be 
drastically reduced by constant agitation of the dye bath, or by using constant ﬂow or 
whirlpool methods. 
Dye coverage and the mode of dye attachment are therefore crucial parameters in DSSC 
production but there are few methods for the in − situ measurement of dye coverage. 
Dye uptake is commonly measured by one of two methods. The ﬁrst method involves 
monitoring the falling concentration of dye in the solution above the meso − nc − TiO2 ﬁlm 
by UV-Vis spectroscopy. This method is most accurate when very low concentration dye 
baths are used and so does not give realistic information about dye uptake in normal highly 
concentrated dye-baths. In addition, information about the diﬀusion of dye into the ﬁlm 
can only be inferred by the absence of dye in the bulk solution which gives no information 
about the diﬀusion front or the distribution of dye throughout the meso − nc − TiO2 ﬁlm. 
A second method for measuring dye coverage is to completely desorb the dye from then 
meso−nc−TiO2 ﬁlm by submerging it in an aqueous or ethanolic solution of base and then 
measuring the desorbed dye concentration by UV-Vis spectrometry. This method gives the 
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total concentration of dye in the ﬁlm, but again no information about adsorption/desorption 
kinetics or the homogeneity of the dye distribution. 
Optical waveguide spectroscopy (OWS) has been shown to be a powerful technique 
for studying the adsorption of proteins and small molecules inside porous inorganic 
materials3,27,22,8. In this work OWS is used as a method for measuring the real time 
adsorption of Ruthenium 535-bisTBA dye molecules in meso − nc − TiO2 ﬁlms in − situ. 
In OWS the high refractive index meso − nc − TiO2 ﬁlm is used as a planar waveguide. 
The way in which light propagates through the meso − nc − TiO2 ﬁlm is highly dependent 
on the refractive index and thickness of the ﬁlm as well as the refractive indices of the 
substrate and superstrate. In this case the substrate is gold and the superstrate is a 
3 10−4M solution of Ruthenium 535-bisTBA dye in ethanol. As the dye diﬀuses into the · 
meso − nc − TiO2 network both the refractive index, n, and the extinction coeﬃcient, k, of 
the ﬁlm change and these changes are followed in real time by OWS. OWS is a particularly 
powerful technique as it is very sensitive to changes happening inside the mesoporous ﬁlm 
and rather insensitive to changes that occur in the bulk solution. Using this method it has 
been possible to follow real time diﬀusion of dye into a nc − TiO2 ﬁlm without worrying 
about interference for the concentrated solution of dye above the ﬁlm. 
Here the in − situ and real-time adsorption of Ruthenium 535-bisTBA is studied from 
ethanol. No attempt has been made, at this stage, to optimise dye adsorption by using 
solvent mixtures or co-adsorbates. As a ﬁrst step the power of optical waveguide spectro­
scopy as a technique for measuring real time dye adsorption in nanoporous networks was 
investigated. Ethanol was chosen as a homogeneous solvent with a single well-deﬁned 
refractive index which greatly simpliﬁed the ﬁtting and modelling of the adsorption data. 
To the best of my knowledge, this is the ﬁrst report describing the in − situ monitoring 
of adsorption kinetics and diﬀusion properties of Ruthenium 535 bis-TBA within the 
mesoporous titania ﬁlm. 
6.4 Diffusion Sensing 
Often diﬀusion processes are a controlling factor in the sensing of small molecules. 
Transduction of the signal, however, varies from method to method. In the case of an 
optical ﬁeld intensity based sensor, the (time dependant) presence of analyte molecules and 
according changes in the refractive index within the EM ﬁelds are transduced into (reﬂected) 
intensity changes. The connection between refractive index change and change in analyte 
concentration is formed by the Lorenz-Lorentz equation as it relates the macroscopic 
201 
� 
6 Application of optical waveguides for the study of diﬀusion processes in Dye Sensitised Solar Cells 
optical properties of a medium to its particle density Nj (i.e. the number of molecules per 
unit volume) and the intrinsic molecular polarisability αj . 
n2
2 
− 1 = 1 
� 
Nj αj (6.1)
n − 2 3ε0 j 
The value of ε0 is deﬁned by the formula ε0 = 1/µ0c02 = 8.85 10−12F m−1 where c0 is the 
speed of light in vacuum and µ0 is the magnetic constant or vacuum permeability. 
Consequently, since the value of Nj is linearly related to the molecular concentration of 
the analyte, it can be related to the polarisability αj in order to transduce an intensity 
change into a change in concentration. If, for example, analyte is added to the sensing 
environment described in equation 6.1 the equation is extended as follows: 
(n +Δn)2 − 1 1 1 (n +Δn)2 − 1 n2 − 1 1

(n +Δn)2 − 2 = 3ε0 j 
Nj αj + 3ε0 
Nxαx = (n +Δn)2 − 2 = n2 − 2 + 3ε0 Nxαx. (6.2)

As long as the change in the refractive index (Δn)2 � 1, the change in n can be related to 
the concentration via Nj : 
Δn = 6n 
n2 + 2 
1 
1 
Nxαx ≈ (n
2 + 2)2 1 
Nxαx. (6.3) 
n2+2 − 2n3ε0 Nxαx 3ε0 6n 3ε0 
A refractive index change of Δn = 0.0245 is well in the linear regime of the function, 
and therefore allows for Δn ∼ Nx ≡ cx. This approximation is applicable as long as the 
polarisability αj for the diﬀusive species remains constant, i.e. the dye does not interact 
with the matrix or any other species within the pores. Within these conditions, the optically 
accessible refractive index proﬁle Δn(x, t) truly describes the time and spatially dependent 
concentration proﬁle c(x, t) within the mesopores. On this basis a mathematical treatment 
of diﬀusion induced refractive index ﬂuctuations Δn(x, t) is possible by considering the 
starting and boundary conditions given by the diﬀusion equations. 
Based on Brownian molecular motion, diﬀusion is driven according to the thermal energy 
(T > 0) inherent in a system. Though microscopically randomly directed, this molecular 
transport phenomenon is macroscopically always aimed to equilibrate concentration or 
pressure gradients within mixtures. In liquids the rate of this macroscopically directed 
mass transport is determined mainly by the density of the media (i.e. viscosity). 
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6.5 Diffusion 
Mass transport through mesoporous is generally diﬀerent to bulk mass transport. Ad­
sorption/desorption kinetics in porous materials are generally controlled by mass transfer 
rather than by the intrinsic sorption kinetics which, at least for physical adsorption, are 
generally rapid. An understanding of these diﬀusion processes, especially the features 
associated with diﬀusion in mesopores, is therefore essential background for the study 
of sorption kinetics. This subject has been discussed in detail in a number of books and 
review articles18,19,28,29. The present section therefore provides only a brief introductory 
treatment at a level necessary to understand the principles of kinetic behaviour which has 
been observed in experimental studies. 
In general, be it in the gas phase or in liquids, diﬀusion of molecules within nanosized 
environments comprises a well known and widely studied research topic23,33,1. Despite 
its highly complex nature, diﬀusion may be deﬁned as the spreading of the molecules of 
one substance into the region initially occupied by another substance. At the same time 
as these molecules mingle with the other species in order to mix and form a concentration 
equilibrium throughout the whole accessible volume, the other species are moving as well. 
There has been increasing interest in diﬀusion studies of molecules in mesopores since 
recent progress in the controlled synthesis of mesostructured porous materials has allowed 
for the study of tailored pore geometries. Transport in mesoporous structures is in general 
dominated by so called Knudsen diﬀusion. Experimentally two diﬀerent diﬀusion problems 
can be considered: (i) Transport diﬀusion, where the particles diﬀuse in a non-equilibrium 
situation from one side of the system to the opposite side, subjected to the inﬂuence of 
the concentration gradient, and (ii) self-diﬀusion, which takes place under equilibrium 
conditions. Both problems are characterised by their intrinsic diﬀusion coeﬃcients, Dt 
and Ds, respectively. Fick’s ﬁrst law deﬁnes Dt as the proportionality constant, relating 
the current density j and the concentration gradient ∂c/∂x, 
j = −Dt ∂c (6.4)
∂x 
whereas Ds is deﬁned by the mean square displacement 
� 
x2(t)
� 
of a so-called ’random 
walker’ 36 after time t, where d is the dimension of the pore. 
x 2(t) = 2dDst (6.5) 
Under the condition of Knudsen diﬀusion, both these coeﬃcients are expected to coincide18. 
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For the discussion of diﬀusion in this chapter therefore, the material speciﬁc diﬀusion 
coeﬃcient D will be used, and no further diﬀerences between Dt and Ds is considered. D 
depends on the intrinsic properties of the diﬀusing particle and the surrounding medium 
it diﬀuses through, and is generally donated in units of cm2s−1 . 
Combining Fick’s ﬁrst law with the continuity equation, 
∂c 
∂t 
= −�j (6.6) 
leads to Fick’s second law, which describes the time and spatial dependent change of 
concentration and is therefore referred to as the ’diﬀusion equation’. 
∂c(r, t) = � · [D(c, r)�c(r, t)] (6.7)
∂t 
Diﬀusion into a pore can be described by a concentration gradient in one direction (i.e. 
from the solution into the mesoporous ﬁlm). The diﬀusion equation can then be reduced 
to one dimension in the form of 
∂c(r, t) = D�2 c(r, t) (6.8)
∂t 
also called the heat equation. Solving for c(x, t) yields the time and spatially dependent 
concentration gradient which is accordingly generally referred to as the ’concentration 
proﬁle’ The simplest solution of equation 6.8 with deﬁned starting values gives 
c(x, t) = c0 exp(−(x − x
�)2 ), (6.9)
2
√
πDt 4Dt 
where c0 represents the total amount of substance present in the closed system: 
∞
c0 = 
ˆ 
c(x, t)dx (6.10) 
−∞ 
With the starting condition at t 0, equation 6.10 is introduced into the function of c(x, t)→ 
to give a Delta-function: 
s 
lim exp(−(x − x
�)2 ) = sδ(x − x�) (6.11)
t 0 2
√
πDt 4Dt →
Accordingly, this equation describes the starting condition for a diﬀusion process with the 
starting concentration at position x = x� equal to the total amount of substance c0 present 
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in the system, which is diﬀusing into space for t > 0. In the case of diﬀusion into a pore, 
the direction of diﬀusion is restricted to only x > x� Since the solutions for both directions 
(x > x� and x < x� ) are symmetric at x = x� and as the superposed solutions are identical 
in equation 6.9 a factor of 2 is added. 
Solutions for the whole spatial distribution, based on the starting conditions outlined 
above, must fulﬁl the general condition 
c(x, 0) = f(x) (6.12) 
in order to give 
c(x, t) = 1 
2
√
πDt 
∞ˆ
 
f(x�)exp(−(x − x
�)2 
4Dt )dx
� (6.13) 
−∞ 
where t → 0 gives the starting condition. 
A characteristic of this function is that the concentration is only related to the quotient 
x/2
√
Dt, which again implies that the distance, a certain concentration of diﬀusing species 
has travelled, is described by the square root of the diﬀusion time. Now assuming a 
constant concentration at t = 0 it leads to the following starting conditions: 
t = 0

⎧ ⎪⎪⎨ ⎪⎪⎩ 
c = c0, x < 0 
c = 0, x > 0

ˆ
From insertion in equation 6.13 it follows that: 
x 
0 0 2√Dt 
0 
c0 c0 
exp(−(x − x
�)2 )dx� = 4Dt
ˆ
 ˆ

exp(−ξ2)dξ − exp(−ξ2)dξ] (6.14)c(x, t) =
 [

2
√
πDt

√
π

ˆ
−∞ −∞ 
Commonly, integrals of the kind of 
x 
0 
2

exp(−ξ2)dξ = erfc(x)[
 (6.15)√
π

are referred to as error functions erfc(x), which are related to each other as follows: 
erfc(−x) = −erfc(x) erfc(0) = 0 erfc(∞) = 1 (6.16) 
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Accordingly, giving the well-known starting condition for a concentration proﬁle that 
inﬁnitely extends in one direction: 
c(x, t) = c2 
0 [erfc(∞) − erfc(
2
√x
Dt
)] = c2 
0 [1-erfc((
2
√x
Dt
)] (6.17) 
From this the solution for the right half space, x > 0 with constant values for c(x, 0) at all 
times is easily obtained, by simply substituting c0/2 with c0, thus yielding 
c(x, t) = c0erfc(2
√x
Dt
) (6.18) 
This function expresses a diﬀusion proﬁle, starting at x = 0 with direction along the 
x-axis into as long as x < 0 is set to be constant, which is well suited to describe an 
experiment with an unlimited and unchanging concentration of the diﬀusing species above 
the mesoporous ﬁlm. 
As diﬀusion processes in thin mesoporous ﬁlms are the scope of this chapter, the above 
stated equations must also account for the ﬁnite ﬁlm thickness of the material at x > 0 
which is restricted by an impenetrable layer at x = d, here the gold substrate. Therefore 
the boundary condition relates the vanishing diﬀusion current at x = d with the constant 
concentration c0 at x = 0. Completing the conditions with: 
t > 0

⎧ ⎪⎪⎨ ⎪⎪⎩ 
c�(x = d, t) = 0 
c(x, 0) = 0, t = 0

c(x = 0, t) = c0 
and successive fulﬁlling of the boundary conditions results in an inﬁnite series: 
c(x, t) = c0 
∞
(−1)k[erfc(2kd + x)] + erfc((2(k + 1)d − x 
2
√
Dt2
√
Dt

)] = c0f(x, t) (6.19) 
k=0 
Though, inﬁnite, this series converges quickly and therefore allows for a good approximation 
of the concentration gradient after calculation of just few terms. Figure 6.5 shows a 3D-plot 
of the progressing diﬀusion proﬁle within the mesoporous ﬁlm as a function of time. For 
details see caption. 
6.6 Diffusion Limitation 
The discussion of diﬀusion in this section will be restricted to diﬀusion in liquids, more 
precisely to diﬀusion in aqueous solutions. The focus will be on inﬁltration and diﬀusion 
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Figure 6.5: 3D-plot visualising equation 6.19. The progressing diﬀusion proﬁle within the mesoporous 
ﬁlm is plotted as a function of time. he green lines illustrate the progressing diﬀusion by indicating 
the concentration gradient through the mesoporous ﬁlm at diﬀerent points in time. Following the 
grid lines of the mesh above the time axis gives an idea of the variation of diﬀusion kinetics with 
dependence on the position within the ﬁlm. 
into and through the nano-scale environment of mesoporous titania ﬁlms. The fundamental 
increase in entropy by the mixing of matter is well described by Fick’s Laws of Diﬀusion. 
Fick’s laws can be applied to both diﬀusion in bulk liquids and also diﬀusion within porous 
media and nanometre sized domains, however, with additional terms are added to account 
for pore geometries and roughness factors which cause surface trapping. In the case of 
porous materials, however, the diﬀusion constant D is substituted by the eﬀective diﬀusion 
constant Deff . Both quantities are related by: 
D = Deff (6.20)
p 
where p donates the fraction of porosity within the porous volume. Basically, three 
phenomena can inﬂuence the eﬀective diﬀusion in (meso)porous networks: 
(1) The particle ﬂux, which is directly correlated with the cross sectional area perpendicular 
to the direction of diﬀusion. Since diﬀusion processes take place in a water-ﬁlled pore 
space, only a fraction of the total pore volume is available to support the transport process. 
The porosity p = Vpore/Vtotal is used to relate the pore space to the total geometrical volume 
of a porous medium. 
(2) In addition to the porosity, diﬀusion in porous materials are generally discussed in 
terms of tortuousity TD, which is a measure for the eﬀective diﬀusion path through the 
porous network. This eﬀective diﬀusion path is often much longer than the ﬁlm thickness 
(see ﬁgure 6.6). 
More precisely, it is deﬁned as the square of the quotient of the eﬀective trajectory Leff 
within the porous matter and the shortest, direct path Ls: 
207 
6 Application of optical waveguides for the study of diﬀusion processes in Dye Sensitised Solar Cells 
Figure 6.6: Diﬀusion through porous medium. The prolonged trajectory is described by the tortuousity 
TD. Fluctuating cross-sections along the diﬀusion trajectory are quantiﬁed by the constrictivity δ. 
� �2 
TD = 
Leff (6.21)
Ls 
(3) The constrictivity δ accounts for the ﬂuctuations of these eﬀective cross-sectional areas 
along the diﬀusion path. This aspect is especially important for randomly assembled 
structures like sintered nanocrystalline colloids discussed here, since these ﬁlms feature 
large variation in the size of the interconnections within the pore structure (see ﬁgure 6.6). 
This characteristic feature of pore networks is described by: 
Deff T 
2Db
δ = (6.22)
p 
where Db is the diﬀusion constant in the pore-ﬁlling medium in its bulk volume. Whereas 
the inﬂuence of tortuousity is intuitive, it seems to be more diﬃcult to grasp and quantify 
the measure of constrictivity (reported values range between δ = 0.3 and δ = 1.86), 
therefore both coeﬃcients can be merged in order to summarise the so-called matrix factor, 
qm 
T 2 
qm = (6.23)
δ 
This matrix factor gives a good measure for geometrical restrictions that inﬂuence the 
diﬀusion of molecules through porous networks. It is obvious that the matrix factor is 
also highly dependent.on the size (diameter and volume) of the diﬀusing species. Diﬀusion 
measurements of small molecules, for example the tri-iodide species in meso − nc − TiO2 
ﬁlms, have been reported to have matrix factors as low as 1.3720. This is easily explained, 
since the size of the diﬀusing species determines the probability of ﬁnding a (relatively) 
straight diﬀusion path through the porous ﬁlm. This probability, again, increases for 
small molecules and accordingly the matrix factor decreases, whereas large molecules 
suﬀer from high matrix factors. The diﬀusion coeﬃcient of the Ruthenium dye used in 
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the studies describes here, is therefore expected to be considerably higher then the one 
reported for I/I3
−. In the case of Ruthenium dyes mass transport is not only hindered 
by the pore diameter but also restricted by the small connections in the pore network, 
which force the dye molecules to take the tortuous path. Calculations and models are 
available for a wide range of porous structures based on approximations of random pore 
size distribution or varying pore sizes 15,34,17,13,5. 
However, theory and model experiments predict matrix factors for a distribution of isotropic 
spheres of 1.25 − 1.8 even for highly idealised systems6. These value were experimentally 
proven by measurements of helium diﬀusion through such architectures, however, the 
experiment was done in a gaseous environment and is not representative of the matrix 
factor in aqueous media. 
6.7 Results and Discussion 
In the experiments outlined here a meso − nc − TiO2 ﬁlm served as the waveguiding ﬁlm. 
The substrate was a ∼ 50nm gold ﬁlm and the superstrate was either air or ethanol. The 
incident laser light propagated along the meso−nc−TiO2 ﬁlm by total internal reﬂection at 
the layer interfaces. OWS measured the composite refractive index of the meso−nc −TiO2 
ﬁlm and was therefore sensitive to any change in refractive index and extinction coeﬃcient 
of the layer. Because of the high degree of ﬁeld localisation within the meso − nc − TiO2 
ﬁlm, very high sensitivity was observed for slight changes in refractive index. In the case of 
a mesoporous oxide, changes in refractive index were caused by the presence of any guest 
molecule within the mesoporous structure and the resulting modiﬁcation of the wavevector. 
The composite refractive index, nxy, of the ﬁlm was found to change substantially when 
dye molecules diﬀused into the porous ﬁlm. Changes in refractive index were monitored in 
real time and could be directly related to the concentration of dye inside the ﬁlm. 
In OWS the composite refractive index, nxy, of the waveguide for both TE modes (excited 
by s-polarised light) and TM modes (excited by p-polarised light) was measured. In the 
case of a meso − nc − TiO2 ﬁlm, the composite refractive index was a combination of the 
dielectric properties of the nanocrystalline material and the refractive index of the air or 
solvent in the pores. If solvent molecules in the pores were replaced by a material with a 
higher refractive index, such as a ruthenium dye, the composite refractive index of the 
entire meso − nc − TiO2 layer, and therefore also the eﬀective refractive index of the whole 
optical system increased. This increase in refractive index of the meso − nc − TiO2 ﬁlm 
manifested as a parallel shift of the reﬂectivity minima to higher coupling angles. 
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Figure 6.7: The experimental set-up showing coupling of laser light into the meso − nc − TiO2 ﬁlm 
using a prism and a 48nm gold layer. In OWS light was used to excite standing waves, ‘modes’, 
in a high refractive index material. The ﬁgure shows the ﬁrst ﬁve TM waveguide modes. As the 
waveguiding layer was supported on a gold ﬁlm, the ﬁrst mode (m=0) was the surface plasmon 
resonance at the gold-TiO2 interface. The waveguide spectrum was obtained by measuring the 
intensity of the reﬂected light as a function of incident angle. When the light excites a guided mode in 
the TiO2 layer a sharp dip in reﬂectivity was observed. 
The evanescent tail of the guided modes was generally sensitive to changes up to 200nm 
away from the surface of the meso − nc − TiO2 ﬁlm (see ﬁgure 6.7), for this reason OWS 
was suitable for monitoring processes that lead to changes in the optical density both 
inside and within ca. 200nm of the surface of the optical waveguide. One of the advantages 
of the technique is that it is easy to distinguish between small molecules attaching to the 
top surface of the ﬁlm and small molecules diﬀusing into the ﬁlm as only diﬀusion into 
the ﬁlm causes parallel shifts in model reﬂectivity. In addition the internal area of the 
mesoporous ﬁlm was so large in comparison to the geometric surface area of the ﬁlm, the 
sensitivity to dye adsorption throughout the mesoporous network was much greater than 
to dye adsorption on the top surface. The most important point is that OWS is insensitive 
to very small changes occurring in the bulk solution of dye above the ﬁlm, such as when 
diﬀusion of dye into themeso − nc − TiO2 ﬁlm occurs. If a large change in refractive index 
of the superstrate were to occur it would be immediately obvious by a shift in the critical 
angle at which total internal reﬂection occurs. 
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Figure 6.8: Simulated optical waveguide spectra (TM-modes) for a 1.4µm nc − TiO2 ﬁlm on a 48nm 
gold substrate. The ﬁlm was modelled with ethanol inﬁltrating the pores of the ﬁlm as well as bulk 
ethanol above the ﬁlm. The change in the waveguide spectrum for a small change in the composite 
refractive index of the ﬁlm (n = 0.01) and the extinction coeﬃcient (k = 0.001) was modelled. Changes 
in n are seen in the position of the minimum on the x-axis, changes in κ are seen in the position of 
the minimum on the y-axis. 
In order to extract information about dye adsorption inside the pores of the meso−nc−TiO2 
ﬁlm it was necessary to use a model to describe how the composite refractive index of the 
mesoporous material (TiO2 and pores) will change. It is assumed that the meso−nc−TiO2 
remained unchanged throughout the dying process and that the dielectric constant 
increased solely by dye displacing ethanol molecules in the pores. Equally it was possible 
to model the reverse situation where the dielectric properties of the meso − nc − TiO2 were 
modiﬁed by dye adsorption and the volume of the pores simply shrinks. For simplicity 
the ﬁrst case was assumed as both models will give the same overall dye coverage. The 
composite refractive index of the ﬁlm was modelled using eﬀective medium theory. The 
Bruggeman expression, also know as the eﬀective medium approximation (EMA ), describes 
the average or composite refractive index of a heterogeneous mixture (on the macro scale) 
of two diﬀerent dielectric media (A and B)7. It assumes that inclusions of one dielectric 
material, A, are embedded in an averaged dielectric medium (A+B). It is particularly 
applicable when the volume fractions of A and B are similar such as in a mesoporous 
material. The EMA is discussed in more detail in the introduction, the central equation 
is recalled by equation 6.24, where εxy is the composite dielectric constant for the mixed 
nanocrystal/solvent layer, εmatrix is the dielectric constant for the nanocrystalline particles, 
fmatrix is the volume fraction of nanocrystalline material, εpore is the dielectric constant 
for the pore-ﬁlling solvent and fpore is the volume fraction of pore-ﬁlling solvent. 
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εmatrix − εxy εpore − εxy0 = fmatrix 
εmatrix + 2εxy 
+ fpore 
εpore + 2εxy 
(6.24) 
In the work presented here real time changes in εxy were measured. The porosity of the ﬁlm 
and the dielectric constant of the meso − nc − TiO2 particles were calculated by measuring 
waveguide spectra in air (εpore(air) = 1.0016) and in ethanol (εpore(EtOH) = 1.79). As 
fpore + fmatrix = 1, the two equations could be used to solve for fpore (porosity) and εmatrix; 
this gives 0.45 porosity and εmatrix and consequently nmatrix = 2.1775. 
The dielectric constant, ε, is complex: ε = ε�� + iε�. ε can be related to the frequency 
dependent refractive index ε = n˜. Where n˜ is deﬁned as: n˜ = n+ ik. And n is the refractive 
index and k is the extinction coeﬃcient of the material at the wavelength of excitation. If 
the dye absorbs at the wavelength of the exciting laser light then the extinction coeﬃcient, 
k, measured for the ﬁlm will also increase with increasing dye concentration. However, 
the laser wavelength was chosen so that it did not measure at spectral regions of very high 
dye absorption in order to reduce photo-bleaching of the dyes. The extinction coeﬃcient is 
directly related to the absorption cross section, σa, and the number density of absorbers, 
N , in the sample. Where λ0 is the wavelength of the incident light in free space. 
4πk 
σaN = (6.25)
λ0 
N and σa can be calculated directly from UV-Vis measurements using a variation of the 
Beer-Lambert law. 
I 
ln = σaNl (6.26)
I0 
Where l is the path length of light in the sample. OWS allows the composite refractive 
index, nxy, and the extinction coeﬃcient, k, of the ﬁlms to be tracked separately with time. 
Both nxy and k give information of the amount of dye within the ﬁlm. 
Kinetic measurements of dye uptake were measured by tracking the shift of the minimum 
of the TM4 mode with time. The TM4 mode was chosen as it was the highest order mode 
guided in the ﬁlm, that could be resolved in the spectra (the TM5 mode was at the stage 
of transition from a radiation mode to a guided mode) and as such gives the most accurate 
average value of the composite dielectric constant of the ﬁlm. The modelled ﬁeld intensity 
of the TM4 mode in a 1.27µm ﬁlm (identical to the ﬁlm thickness used in this study) is 
shown in ﬁgure 6.9. It can be seen that the optical ﬁeld is intense right at the surface of 
the ﬁlm and as such is sensitive to changes as soon as dye molecules enter the pores. 
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Figure 6.9: Field intensity for the TM4 mode modelled in a1.27µm ﬁlm, the kinetic measurements 
show an average of the change in dye solution throughout the ﬁlm. 
6.7.1 Optical Waveguide Spectra 
The meso − nc − TiO2 ﬁlms were made using identical methods to those typically employed 
to make the photoanode in a dye sensitised solar cell, so the results have direct relevance 
to DSSCs. A typical SEM image of a meso − nc − TiO2 ﬁlm used in this study and 
made by the acetic acid hydrolysis route is shown in ﬁgure 6.10 (left). Figure 6.10 (right) 
shows optical waveguide spectra taken with both p and s-polarised light for a 1.27µm 
meso − nc − TiO2 on a gold substrate. In the ﬁrst experiments the ﬁlm was measured 
in air. A total of ten waveguide modes could be excited. The meso − nc − TiO2 ﬁlms 
were almost completely transparent and the mesoporous structure was on a length scale 
smaller than the wavelength of the light, as a result there was only a small broadening 
of the peaks and increase in the reﬂected intensity of the minimum position due to light 
scattering. 
The 1.27µm meso − nc − TiO2 ﬁlm was used for dye uptake studies. The ﬁlm was mounted 
as one side of a ﬂow cell (ﬁgure 6.7) and dye uptake occurred over the 0.33cm2 area of the 
ﬁlm deﬁned by the o-ring. The ﬁlm was ﬁrst soaked in ethanol to ensure that it was stable 
and that no changes were seen in the absence of dye. In the second step a pump was used 
to rapidly replace the ethanol above the meso − nc − TiO2 ﬁlm with a 3 10−4mol dm−3 · 
solution of ruthenium 535 bis-TBA dye in ethanol. Real time changes in the composite 
refractive index, nxy, of the ﬁlm at 632.8nm were measured by monitoring the angular 
position of the minimum angle of the TM4 mode (seen in ﬁgure 6.11). 
Real time changes in the extinction coeﬃcient, k, at 632.8nm were measured by monitoring 
and ﬁtting of the reﬂectivity at the resonance angle. Figure 6.12 shows optical waveguide 
spectra taken after the sample had been exposed to dye for 22 hours; for clarity the 
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Figure 6.10: SEM image of a nc − TiO2 ﬁlm. The scale bar is 20nm.(left) Optical waveguide spectra 
of a 1.27µm nc − TiO2 ﬁlm in air, waveguide modes were excited by both p-polarised light (above) 
and s-polarised light (below). The experimental data is given by the open diamonds and the ﬁt is 
given by the solid line.(right) 
Figure 6.11: Optical waveguide spectra of the same ﬁlm measured in ﬁgure 6.10, but in ethanol. 
Waveguide modes were excited by both p-polarised light (above) and s-polarised light (below) In 
ethanol the eﬀective refractive index of the ﬁlm is higher and this causes the modes to shift to higher 
angles. The critical angle increases from 21◦ in air to 50◦ in ethanol. The black diamonds show the 
experimental data and the ﬁt is given by the solid black line. 
waveguide spectra taken in ethanol before dye adsorption are shown in grey (dashed lines). 
A strong shift of the waveguide modes to higher coupling angles can be seen. In addition 
the reﬂectivity of the minimum angles decreased and the peaks broadened slightly due to 
the increase in the extinction coeﬃcient as dye entered the ﬁlm and was optically excited. 
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Figure 6.12: Optical waveguide spectra taken after (black circles) adsorption of dye into the 1.27nm 
nc − TiO2. The dashed grey line shows the experimental OWS spectra of the ﬁlm in ethanol (from 
ﬁgure 6.11) for comparison. 
6.7.2 OWS Diffusion Kinetics Measurement 
Figure 6.13 shows a kinetic measurement of the real time increase in refractive index and 
extinction coeﬃcient obtained by tracking the minimum of the TM4 mode throughout 
the experiment (inset shows shift in TM4 mode). The position and shape of the TM4 
mode was ﬁtted before and after dye adsorption using home-built ﬁtting software based on 
the Fresnel equations of reﬂection and refraction at interfaces to model the behaviour of 
light in a multi layered system. In this case a four layer system was assumed, the ﬁtting 
parameters are given in table 6.1. The ﬁt is shown by the solid lines in ﬁgures 6.11 and 
6.12. 
Layer Thickness / nm n k 
1 Prism 0 1.84498 0 
2 Gold 35.824 0.312 3.8230 
3a TiO2 ﬁlm∗1 1269.89 1.7942 0.0055 
3b TiO2 ﬁlm∗2 1269.89 1.8192 0.0075 
Δn = 0.0245 Δk = 0.0020 
4 Ethanol 0 1.3592 0 
Table 6.1: Layer model and ﬁtting parameters used to ﬁt the TM4 mode before and after dye 
adsorption. (∗1before dye attachment, ∗2 after dye attachment) 
215 
6 Application of optical waveguides for the study of diﬀusion processes in Dye Sensitised Solar Cells 
Figure 6.13: Kinetic plot showing the changes in both the composite refractive index, nxy, and the 
extinction coeﬃcient, keff , of the TM4 mode with time. Inset shows the change in the TM4 mode 
before and after dye adsorption. 
In order to relate the OWS signal (i.e. change in angular position of the reﬂectivity minimum 
corresponding to the TM4 mode) to the absolute amount of absorbed dye it was necessary 
to construct a calibration curve from a dilution series of the ruthenium 535 bis-TBA 
dye in 0.1mol dm−3 ethanolic KOH and also in pure ethanol. This allowed for both the 
quantiﬁcation of total amount of dye desorbed by ethanolic KOH and also for increase in the 
extinction coeﬃcient, k, in pure ethanol to be related to a dye concentration. In addition to 
measuring dye uptake by OWS (A), a second sample (B) of identical meso − nc − TiO2 ﬁlm 
was immersed in a 3 10−4moldm−3 solution of ruthenium 535 bis-TBA dye in ethanol. The ·
dye was allowed to adsorb for the same period of time over which OWS was measured and 
then the dye was desorbed with ethanolic KOH and the dye concentration was quantiﬁed 
and directly compared to that measured by the OWS experiment. 
Both ﬁlms (see ﬁgure 6.14) were dyed for exactly the same amount of time, however, for one 
sample (in the OWS experiment) the dye solution was continuously cycled by a peristaltic 
pump whereas the second sample was left in dye solution with no stirring. In the case 
of this adsorption study the slides were both immediately dried after dye adsorption and 
the dye removed in 0.1mol dm−3 ethanolic KOH. Before the OWS measurement, UV/Vis 
absorbance spectra for various concentrations of N719 dye were obtained in pure ethanolic 
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Figure 6.14: Photograph showing the two meso − nc − TiO2 ﬁlm on gold-coated glass samples 
after 20h exposure to a 3x10−4mol dm−3 solution of ruthenium 535 bis-TBA dye in ethanol. (A) 
was homogeneously impregnated with dye molecules throughout the (circular) area which was in 
contact with the dye solution, whereas the cords in (B) are clearly visible with bare eye, indicating 
inhomogeneous dye sensitisation. 
KOH, as a function of wavelength (ﬁgure 6.15 (left)). 
Figure 6.15: UV/Vis spectra of N719 dye in ethanolic solution at diﬀerent concentrations served 
as reference. The absorption at λ = 633nm is plotted against the diﬀerent concentrations. The 
absorption values from the desorption measurements are marked with an X in the plot. 
The absorbance at 632.8nm was plotted versus dye concentration (see 6.15 (right)) in order 
to determine the slope which gives the molar absorption coeﬃcient, �, in this solvent and 
for this wavelength (complex refractive index of dye is wavelength dependent) using the 
Beer-Lambert law25: 
A 
� = (6.27)
lc 
where l is the path length of the light beam and c is the concentration of the dye. The 
molar absorption coeﬃcient of ruthenium 535 bis-TBA dye in 0.1mol dm−3 ethanolic 
KOH was measured to be 705mol−1 dm3 cm−1 at λ = 632.8nm from the reference meas­
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urements in the same concentration region as samples (A) and (B) (see ﬁgure 6.16). 
The individually calculated molar absorption coeﬃcients were 664mol−1 dm3 cm−1for (A) 
and 684mol−1 dm3 cm−1 for (B). The total amount of dye desorbed from the ﬁlms was 
2.93 10−8moles for (A) the ﬁlm used in the OWS kinetics experiment, and 5.72 10−8moles for· ·
(B) the ﬁlm dyed in the non-stirred solution. These values correspond to 1.80 10−4mol cm3 · 
and 3.51 10−4mol cm3 of the mesoporous ﬁlm volume for the stirred and non-stirred · 
adsorption, respectively. Relating these numbers to the pore space of the meso−nc−TiO2 
ﬁlms, the concentration of dye after 20h within the pore space was calculated to be 
0.18mol dm−3 for (A) and 0.35mol dm−3 for (B), this, again, corresponds to a (internal) 
surface coverage (with an approximated value of 1.65nm2 for the surface area of the N719 
dye) of 3.41 106molecules cm-2 for (A) and 5.97 106molecules cm-2 for (B), assuming that · · 
all dye present in the pore space was adsorbed to the meso − nc − TiO2 walls. OWS 
measurements of the mesoporous ﬁlms inﬁltrated with ethanol (before the adsorption 
experiments) determined the eﬀective (i.e. accessible) pore volume to be identical to the 
total pore volume, this means that no isolated voids were present and that the EMA was 
still valid for the analysis of the adsorbed molecules. The total desorbed dye from sample 
(A) was used as a benchmark to check the accuracy of the total dye measured by waveguide 
spectroscopy. 
Figure 6.16: Interpretation of UV/Vis data for determination of the absorption coeﬃcient of N719 dye 
in ethanol. 
The total change in the eﬀective extinction coeﬃcient, Δk = 0.002 in sample (A), was 
related to the total change in absorber density (and hence concentration) in the ﬁlm using 
equations 6.25 and 6.26. 
k deﬁnes how eﬀectively a particular substance absorbs electromagnetic radiation. It 
can be characterised by the two interrelated optical properties, i.e. the absorption cross-
section and the molar extinction coeﬃcient. The value of k is experimentally obtained 
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via successive ﬁtting of the Fresnel reﬂectivity to the recorded angular reﬂectivity as 
explained in more detail in the theory chapter. Molar absorption coeﬃcient and absorption 
cross-sections are interrelated through 
σa =
2.303 × 1000 × � (6.28)
NA 
where NA is Avogadro’s number. The absorption cross-section σa, calculated from UV-Vis 
measurements of the dye in ethanol, was 2.69 × 10−18cm2. With this a change in absorber 
density, N , of 1.56 × 1020cm−3 could be calculated, which relates (for sample (C)) to an 
increase in dye concentration of 4.2 × 10−8moles or 2.6 × 10−4mol cm−3 of the pore volume 
within the ﬁlm. This value is in good agreement with the number obtained by desorbing 
the dye from ﬁlms with KOH. (A) The kinetic OWS curves for dye attachment show that 
the extinction coeﬃcient reached equilibrium more quickly than the increase in refractive 
index. This is likely to be due to quenching of the optical transition at higher dye coverages 
due to aggregation, so the change in extinction coeﬃcient is measuring the active dye in 
the ﬁlm. 
The Δnxy = 0.025 for the whole ﬁlm can also be related to the dye concentration if 
the change in composite refractive index with dye concentration is known. A dn/dc 
measurement of 535 bis-TBA dye in ethanol was carried out and at low concentrations a 
linear increase in refractive index with dye concentration was observed. 
Figure 6.17: dn/dc measurement of low concentrations of 535 bis-TBA dye in ethanol shows linear 
increase in refractive index with dye concentration 
If it is assumed that the same relationship applies at high dye concentrations the total dye 
in the ﬁlm can be calculated to be ∼ 5 10−9moles or ∼ 2.98 10−5mol cm−3 of ﬁlm volume. · · 
This is in reasonably good agreement with the total dye measured by KOH desorption. 
Unfortunately this method relies on the assumption that the linear relationship between 
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refractive index and concentration continues at high dye concentrations and when the 
dye is interacting with the surface of a porous oxide. This is extremely unlikely as 535 
bis-TBA dye aggregates at relatively low concentrations leading to non-linear behaviour 
and it is unrealistic to think that the proximity of the titania in the pores can be ignored. 
It is therefore a relatively inaccurate way of calculating dye occupancy. 
N719 Dye Total Amount Concentration Surface Coverage 
in Pores [moles] [mol cm−3] [molecules cm−2] 
(A) stirred KOH desorption 2.93 × 10−8 1.80 × 10−4 3.41 × 106 
(B) non-stirred KOH desorption 5.72 × 10−8 3.5 × 10−4 5.97 × 106 
(C) Δk 4.2 × 10−8 2.6 × 10−4 4.89 × 106 
(D) dn/dc from Δn ∼ 5 × 10−9 ∼ 3 × 10−5 ­
Table 6.2: Overview of characteristic data of N719 dye adsorption experiments. 
The total change in the eﬀective refractive index of the ﬁlm can be used to calculate 
a second, independent, value of the total amount of dye in the ﬁlm. The Bruggeman 
expression is used to calculate the change in the dielectric constant of the pores before 
and after dye adsorption. It was assumed that the dielectric constant for the TiO2, as well 
as the ﬁlm porosity did not change throughout the experiment. It was therefore possible 
to calculate that the refractive index of the pores was npores = 1.41. The pore volume was 
1.7 10−5 cm3; assuming a refractive index of n = 1.5 for the dye this suggests that 16% of · 
the pore volume was ﬁlled with dye after the 22 hours of the experiment. 
One interesting observation is that the kinetics of dye uptake as measured by tracking 
nxy and k are quite diﬀerent. The extinction coeﬃcient increases rapidly for ﬁve hours 
and then reaches equilibrium. In contrast, the refractive index of the ﬁlm increases more 
slowly and is still increasing after 22 hours. One possible explanation is that after ﬁve 
hours the dye starts to aggregate and self-quench, whereas the refractive index is only 
dependent on the total amount of dye in the pores not just the optically active dye. 
6.7.3 Fitting of OWS Diffusion Kinetics 
The data obtained from desorption experiments (see table 6.2) allowed for quantitative 
ﬁtting of equation 6.19 to OWS kinetics as shown in ﬁgure 6.18. A good ﬁt of equation 
6.19 to the signal progression during the in-situ monitoring of dye adsorption was only 
observed in the initial stage of the experiment, i.e. in the initial adsorption region of the 
meso − nc − TiO2. 
The diﬀering time response of the experimentally obtained data, when compared to the 
simulation (which is rooted in the diﬀusion proﬁle c(x, t)/c0 of dye concentration inside 
the meso − nc − TiO2 ﬁlm and consequently also in the induced refractive index proﬁle 
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Figure 6.18: The sum of the solutions of equation 6.19 for x-values according to the location of peak 
intensities of the EM ﬁeld within the mesoporous ﬁlm. The dashed curves depict the diﬀusion proﬁle 
as seen by the individual EM ﬁeld portions. The numbering is according to time dependant signal 
contribution as a function of the diﬀusion rate, i.e. 1st = EM ﬁeld at solution/ﬁlm interface, 5th = EM 
ﬁeld at ﬁlm/substrate interface.. 
Δnx,y(x, t)/Δn) was attributed to the proﬁle of the EM ﬁeld distribution as present at the 
TM4 mode resonance which was used for the kinetic Δnx,y tracking. It is well-known that 
modes of diﬀerent order, e.g. comparing a higher order waveguide mode to the surface-
bound TM0 mode (i.e. surface plasmon), exhibit a time- and therefore diﬀusion-dependant 
delay in their sensing signal. This intrinsic feature of EM ﬁeld distributions can be applied 
for diﬀusion monitoring8 as the TM0 mode gives a distinct contribution to the signal 
when the diﬀusive species reaches the ﬁlm/substrate interface. However, in order to 
utilise this phenomenon it is necessary to apply diﬀerent spectroscopy techniques where 
more than one mode (including the TM0 mode) is simultaneously observed or to restrict 
the experimentally obtained information to only the Diﬀusion time needed to reach the 
ﬁlm/substrate interface by solely monitoring the surface bound TM0. 
Considering the diﬀusion proﬁle described by equation 6.19, and given the diﬀusion 
is very slow (Deff � 10−6cm2 s−1, which is a common value for diﬀusion constants of 
organic molecules in ethanol37), it was possible to resolve the refractive index distribution 
throughout the ﬁlm thickness by monitoring only one waveguide mode. 
The sensing signal of a single mode (here TM4) does not exhibit linear response to locally 
restricted diﬀusion induced by Δnx,y(x, t), but rather from a periodic delay (due to the 
EM ﬁeld intensity proﬁle within the ﬁlm) which is caused by diﬀusion. This characteristic, 
however, can be exploited to resolve the concentration gradient within the ﬁlm caused by 
molecular transport processes. The great advantage of this technique compared to the 
above mentioned SP based measurements is the fact that the EM ﬁeld of the waveguide 
modes is spread out through the whole ﬁlm and therefore allows the tracking of diﬀusing 
species through the whole ﬁlm. Also, due to the periodic intensity changes in the EM ﬁeld 
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proﬁle it is possible to extract spatial information and to determine Δnx,y(x, t). 
Based on acknowledge of the theoretical distribution of the TM4 mode it was possible to 
simulate the time response of reﬂectivity changes for the OWS in-situ kinetic measurements. 
Therefore, in order to gain information on the spatial distribution of dye within the 
mesoporous ﬁlm at the end of the kinetic measurement, the sensing signal contributions 
were fractionised according to the modelled EM ﬁeld intensity distribution (see ﬁgure 6.9) 
for the ﬁlm under investigation. 
Each intensity intensity peak of the EM ﬁeld was ascribed to a position x = dfilm within 
the ﬁlm and its contribution to the overall sensing of the diﬀusion proﬁle was iteratively 
adjusted to match the diﬀusion proﬁle as seen from the position of each individual intensity 
peak (dashed curves in ﬁgure 6.19) as well as the overall sensing signal (red curve in ﬁgure 
6.19) as the sum of the ﬁelds. The diﬀusion constant resulting from this simulation was 
as low as D0 = 1.8 × 10−13 . 
Figure 6.19: Modelled ﬁeld intensities are shown in ﬁgure 6.9, accordingly the position x at each 
peak intensity was simulated and the diﬀusion proﬁle seen from the position of each individual mode 
as well as the overall sensing signal (red line) as the sum of the ﬁelds. Fractionation, however, could 
also not ﬁt the signal, not until the individual fractions were iteratively ﬁtted to result in an overall 
signal that matches the kinetics signal by multiplying with 
The iterative adjustment of equation 6.19 for each intensity peak of the electric component 
of the EM ﬁeld, based on the function of the diﬀusion proﬁle as seen by the EM ﬁeld 
fragments is illustrated in ﬁgure 6.19. As a result a position-dependant signal contribution 
factor could be extracted. Interpolation between the points resulted in a characteristic 
proﬁle of the dye distribution within the ﬁlm at the time t = 22h (shown in ﬁgure 6.20). 
This characteristic distribution proﬁle indicated a strong inﬂuence of diﬀusion on the 
adsorption process. 
Over the course of this study dye uptake in ﬁlms of a variety of thickness and porosity was 
measured. Unsurprisingly the higher the ﬁlm porosity, the more quickly equilibrium dye 
coverage was reached. Therefore, in order to allow comparison of mesoporous materials, 
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Figure 6.20: Signal Contribution as a function of EM ﬁeld-position in the ﬁlm, obtained from iterative 
ﬁtting of the individual EM ﬁeld components in the ﬁlm 
the values for the diﬀusion constant are given in terms of D = Deff /porosity. The dye 
uptake seemed to be determined only by the rate of diﬀusion to the sites of adsorption, it is 
therefore plausible that the ﬁlm thickness and dye concentration (constant and unlimited 
available during the sorption process) had no eﬀect on the dyeing rates. All uptake curves 
were identical during the initial phase before approaching the plateau of saturation, which, 
together with the aforementioned ﬁndings strongly suggested that a mathematical model, 
describing diﬀusion limited adsorption, could be used to interpret the sorption kinetics. 
Diffusion Limited Adsorption Model 
In principle it was necessary to account for much faster adsorption of dye than its transport 
through the mesoporous ﬁlm, and also that the region, after being passed by the diﬀusion 
front is totally covered with dye molecules and therefore no more adsorption take place, 
whereas the region in front of the diﬀusion front is not dyed at all and the concentration of 
the dye in this regime is zero. In such cases a linear diﬀusion gradient is mandatory to 
describe the dyeing process. As a consequence, this would cause a decrease in the rate 
of adsorption inversely proportional to the growth of dye-covered region as illustrated in 
ﬁgure 6.21. This simple model is characterised by the time dependence of the normalised 
dyed layer thickness: 
� 
x0 
d 
= 2Deff c0 
θ0d2 
√
t (6.29) 
where d is the layer thickness, t the time, c0 the initial dye concentration, θ0 is the 
maximum amount of dye molecules adsorbed per volume of porous. The amount of dye is 
assumed to be proportional to the position of the region of adsorption x0. 
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The assumption that the total amount of absorbed dye in the mesoporous ﬁlm is simply 
proportional to the to the position of the region of adsorption has already been applied for 
the description of dye sensitisation of mesoporous materials for solar cell application11 . 
Figure 6.21: Representation of dye concentration in solution and dye coverage on the TiO2 particles 
according to the suggested model. The dye concentration decreases linearly between c0 at x = 0, the 
interface between porous layer and bulk solution, and zero at x = x0, the region of adsorption. The 
amount of dye adsorbed is identical θ0 in the region between x = 0 and x = x0 and zero elsewhere. 
Inset: optical micrographs of cross sections of a 10µm thick ﬁlm after 30 and 100min in dye solution. 
Bright at the right the glass substrate.model adapted from reference 11 
The model was applied to interpret the results obtained by in-situ monitoring of the 
adsorption process by OWS, however, this model did not ﬁt the time dependant progres­
sion of the experimental data. Figure 6.22 shows the attempts to ﬁt the model to the 
experimental values for the change in composite refractive index (6.22, left) and also for 
the change of the extinction coeﬃcient. (6.22, left). The dashed lines represent theoretical 
kinetic progression, simulated for the dye concentrations obtained for samples (B) and (C). 
Apparently, it was only possible to either ﬁt the function to the initial regime of relatively 
fast rate of adsorption or to the long term behaviour with a much slower adsorption rate, 
however, only ﬁtting of the complete kinetic scan curve could not be achieved with this 
method. Nevertheless, the simulation attempts showed that the two kinetic curves, for 
Δn and Δk, were characterised either by a fast or a slow process, whereat the kinetic 
progression for Δn was in good accordance to the slow rate, the kinetic curve for Δk was 
predominantly governed by the fast initial rate. 
Sigmoid Sorption Model 
The diﬀusion front in ﬁgure 6.20 can also be interpreted (within the accuracy of this 
assumed model) by a sigmoidal diﬀusion proﬁle for the regime of mass transport, and 
therefore suggests the application of another version of the model for describing diﬀusion 
limited adsorption processes, which describes diﬀusion into a ﬁlm of thickness d. This 
formula was originally outlined by Carslaw and Jaeger10 for ﬁlms which have two bound­
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Figure 6.22: Two adsorption rate regimes were observer for both n and k changes, left and right, 
respectively. According to the model system, shown in ﬁgure, it was possible to ﬁt equation 6.29 
separately to either the fast initial region or to the much slower long term kinetics. The red curves 
illustrate the progression of the simulated sorption kinetics where (a1) for names the ﬁt for the initial 
fast process and (a2) the slower long term process for both Δn and Δk, respectively. 
aries, one at the substrate (in this case the gold layer) and one at the solution side. When 
dye is added to the solution side of the ﬁlm it is assumed that the surface concentration, 
ϕ(t), exponentially reaches a steady equilibrium value (equation 6.30). 
φ(t) = C0{1 − exp − (βt)} (6.30) 
In practise this means that, as ϐ →∞, the surface concentration rises instantaneously to 
C0. The total amount of dye, M(t), in the ﬁlm at time t can then be related to the diﬀusion 
coeﬃcient and ﬁlm thickness by equation 6.31. 
M(t) D βd2 8 n=∞ exp{−(2n + 1)2π2Dt/4d}
C0 
= 1 − exp − (βt) 
βd2 
tan( 
D 
) − 
π2 (2n + 1)2[1 − (2n + 1)2{Dπ2/(4βd2)}]d 
n=0 
(6.31) 
Equation 6.31 was used to ﬁt the absorption curve for the increase in refractive index with 
time, allowing the diﬀusion coeﬃcient to be estimated. The constant β was set at 100, 
which assumed that the solution was injected rapidly into the cell and that the surface 
concentration did not eﬀect the early kinetics. The ﬁlm thickness d was taken from the 
ﬁts for the OWS data. C0 was the equilibrium dye concentration within the ﬁlm. The 
only variable was the diﬀusion coeﬃcient D. The ﬁt was obtained for the adsorption 
curve during the ﬁrst ﬁve hours of the Δn measurement and the diﬀusion coeﬃcient was 
calculated to be 6 10−11cm2 s−1 .· 
On the ﬁrst attempts it was not possible to ﬁt the model 6.31 to the whole range of 
experimentally obtained values, thus only approximations could be made that roughly 
ﬁtted the kinetic plot. Nevertheless, upper and lower boundaries were established in order 
to set limits and to show the variance (ﬁgure 6.23) . 
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Figure 6.23: Simulated sorption-time curves approximating OWS-kinetic data with (a) diﬀusion 
coeﬃcients ﬁtted to the initial phase of absorption and (b) to the slower long time sorption regime. 
It became apparent that the actual curve could not be ﬁtted with one throughout constant 
diﬀusion coeﬃcient, but can be described by the overlap of two simulated curves with 
diﬀerent but constant rate coeﬃcients at certain ratios, thus implying two superimposed 
diﬀusion/sorption processes to be simultaneously present during the dyeing process. In 
order to obtain non-trivial solutions, the two processes were assumed to occur in parallel 
and with constant and identical diﬀusion coeﬃcients for both, Δn and Δk kinetics. It 
was assumed that both processes contributed to measurable changes in the refractive 
index and extinction coeﬃcient of the dye within the ﬁlm. Diﬀerent optical properties 
(n and k) may arise due to the directional orientation of dye molecules with respect to 
the electric and magnetic ﬁeld components of the incident light, or, more likely, due to 
close approximation to the surface of the meso − nc − TiO2 and the consequently formed 
(chemical) interactions. 
Figure 6.24: Fitting of kinetic OWS data for the change in refractive index due to dye adsorption in 
meso− nc − TiO2 by superimposing two parallel transport processes. Both processes were simulated 
with equation 6.31, with D = 1.86 × 10−13 for curve (a) with a contribution of 0.70 to the total signal 
at equilibrium whereas a diﬀusion coeﬃcient of D = 3.78 × 10−12 was obtained for curve (b) with a 
contribution of 0.30 to the total signal at equilibrium. 
The assumption can be made that surface-bound molecules are able to inject electrons 
into the conduction band of the titania after they have been excited by absorbing portions 
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of the incident probing light. Electron transfer processes from the dye molecules, which 
are chemically adsorbed at the titania surface, and the nanocrystalline semiconductor 
could result in increased extinction coeﬃcients. Provided that the ethanol acts as hole 
scavenger and the dyes are continuously regenerated, this could signiﬁcantly alter the 
measured extinction coeﬃcient, k, signal. The change in refractive index, n, on the other 
hand would just be a result of integration over the absolute amount of dye within the ﬁlm, 
and would not distinguish between surface-bound and solubilised species within the pore 
volume. 
Figure 6.25: Fitting of kinetic OWS data for the change in extinction coeﬃcient due to dye adsorption 
in meso − nc − TiO2 by superimposing two parallel transport processes. Both processes were 
simulated with equation 6.31, with D = 1.86 × 10−13 for curve (a) with a contribution of 0.44 to the 
total signal at equilibrium whereas a diﬀusion coeﬃcient of D = 3.78 × 10−12 was obtained for curve 
(b) with a contribution of 0.56 to the total signal at equilibrium. 
If this theoretical assumption really is the reason for the variation of the adsorption 
kinetics measured by tracking n and k, the eﬀect could be systematically investigated by 
variation of the excitation wavelength. This would change the fraction of the signal due to 
surface-bound molecules as they have the characteristic absorption maxima at certain 
wavelengths. Parallel to this experiment, it would be of great interest to combine this 
photo-excitation-based-loss experiment to in-situ measurement of the injected charges, 
i.e. monitoring the current produced by photoexcitation, and consequently correlate both 
rates to to each other. 
6.8 Conclusion 
OWS is introduced as a powerful analytical method to determine processes occurring 
within mesoporous ﬁlms. This technique allows for monitoring molecular transport and 
adsorption in real time with high accuracy. One major goal in the manufacture of eﬃcient 
dye sensitised solar cell devices is the optimising of dye sensitisation. As this step is one 
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of the key processes guaranteeing high overall eﬃciency of the cell very fast dye uptake 
leading to full-monolayer coverage is representing a high priority objective. Moreover, it is 
required to optimise the dye uptake leading to maximum amount of dye chemisorbed to the 
nano-crystalline titania surface, which again, allows for highly eﬃcient light absorption. 
It is important to take into account that the measured diﬀusion coeﬃcients are eﬀective 
diﬀusion coeﬃcients which are an average for all the dye in the ﬁlm. By now it is 
not possible to measure the local diﬀusion coeﬃcient with the herein presented OWS 
technique. However, based on the homogeneously distributed pore space throughout the 
meso − nc − TiO2 ﬁlms this value can suit very well as a close estimate, thus help to 
predict optimal sorption times for DSSC fabrication. Nevertheless, the values are also 
aﬄicted with a quite large error since the sigmoid sorption model does not represent 
a porous ﬁlm but rather a volume into which molecules diﬀuse in a linear fashion. In 
addition there may be uncertainty as to the accurate refractive index of the dye species, as 
well as the impact of matrix-interaction on its change. 
Baering in mind the above mentioned inaccuracity, OWS was applied to monitor adsorption 
of ruthenium dye molecules out of ethanolic solution onto meso − nc − TiO2 in real time. 
These measurements show transport to be mostly diﬀusion limited. The observed kinetic 
behaviour for time-dependant Δn and Δk suggests at least two processes taking part in 
the total mass transport. The diﬀerence between the Δn and Δk adsorption isotherm 
is consistent with reported data for comparable systems14. Accordingly, the absolute 
mass transport through the mesoporous structure was attributed to two parallel occurring 
processes with individual but constant diﬀusion coeﬃcients of D1 = 1.86 10−13cm2 s−1 · 
and D2 = 3.78 10−12cm2 s−1, which could be ascribed to surface-bound and solubilised · 
dye species. 
In summary, however, it is shown that the adsorption of dye molecules through the 
porous network is mostly diﬀusion limited with diﬀusion constants found to be, compared 
to the behaviour in pure solvent (ethanol Db ≈ 10−6cm2 s−1) six to seven orders of 
magnitude lower as measured for D1 and D2, respectively. The slowing down is related to 
the mesostructured architecture of the material by factors describing porosity, pore-size, 
constrictivity and tortuousity. These characteristic features were summarised in the matrix 
factor qm ≈ 106 − 107. Further work needs to be done to clarify the exact mechanism for 
these eﬀects. 
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Abstract 
With the aim of facilitating in-situ experiments on operating DSSCs, a holographic grating-
coupler element was implemented with the meso − nc − TiO2 waveguide. With this 
step not only the Kretschmann multi-layer conﬁguration (i.e. prism/beam-alignment, 
index-matching, evaporation of thin gold layer) could be avoided, but also the fundamental 
problem of destructive chemical interaction of the I−/I3
− electrolyte solution with the gold 
layer was resolved. The highly reduced experimental complexity of this improved technique 
and the resulting advantage for integration with various other techniques and applications 
are discussed. Also changes to the sensing system, its capabilities and limitations are 
described. 
In order to investigate the kinetics of dye adsorption onto meso − nc − TiO2 pore walls 
with grating-coupled OWS, the amount of absorbed dye was monitored (via resonance 
angle shift due to a change of the composite refractive index of meso − nc − TiO2) as a 
function of time. Accordingly, the experiment was run in kinetic tracking mode in order 
to monitor these changes. Diﬀerences between the kinetic response of n and k towards 
N719 dye adsorption were observed to be very pronounced, especially in the initial phase 
of the diﬀusion process. These preliminary results, clearly show the diﬀerent sensitivities 
of the two probing techniques (Δn and Δk) related to diﬀusion and adsorption processes 
of dye molecules into and within meso − nc − TiO2 waveguide ﬁlms. Preliminary results 
of simulations and experimental data on refractive index and extinction measurements, as 
well as adsorption monitoring, and time-dependent kinetics scans are presented. 
7.1 Integration with Dye-Sensitised Solar Cells 
Optical waveguide spectroscopy gives the possibility for in-situ monitoring of processes on 
the nanometre scale within mesoporous ﬁlms, thus opening up a range of application in 
science and technology. The majority of laboratory evanescent sensing systems, as well as 
commercial products, rely on prism coupling as the method employed to match photons 
for excitation of resonance phenomena in order to utilise modes of light. 
One fundamental problem for the meso − nc − TiO2 waveguide sensor, as introduced in 
the previous chepter, to be integrated with a DSSC is basically the fact that the electrolyte 
solution in the DSSC consists mainly of the I3
−/I− redox couple. Of all the halides, iodine 
exhibits the widest range of oxidation and pH conditions for the stabilisation of gold 
complexes. At [Au] = 10−5M and = 10−2M , AuI2− is stable between 0.51V and 0.69V 
232 
7 Grating-Coupled Optical Waveguide Spectroscopy of Mesoporous ﬁlms 
and at pH < 12. Gold iodide complexes are the most stable of all metal-halide complexes 
in aqueous solutions. 
Iodine also exhibits the ability to exist as a polyhalide. The formation of the triiodide ion is 
shown in the following chemical reaction: 
I2(aq) + I− = I3− 
The formation of I3
− allows for high solubility of iodine in solutions containing the iodide 
ion. Thus, I3
− can actually serve as an oxidant for gold according to this half-cell reactions: 
(Anodic) Au + 2I− = AuI−2 + e− 
(Cathodic) I3
− + 2e− = 3I− 
(Net Reaction) 2Au + I3− + I− = 2AuI2− 
This again 2Au + I3− + I− => 2[AuI2]−. 
The destructive interaction of the I3
−/I− species with the thin gold ﬁlm at the meso − nc − 
TiO2 ﬁlm/substrate interface eliminates the possibility of using prism coupling in the 
Kretschmann conﬁguration for in-situ monitoring of operating DSSCs. Therefore, it was 
necessary to develop the meso − nc − TiO2 waveguide sensor further in order to allow full 
integration with an operating DSSC. 
In this chapter the technologies and processes will be introduced to fabricate a meso−nc− 
TiO2 waveguide system, which is capable of operating in an environment that contains 
the I3
−/I− redox couple. The operation of grating-coupled systems will be introduced and 
spectroscopic data will be discussed in detail. 
7.2 Coupling Light to Waveguide Modes via Gratings 
While prism couplers in the Kretschmann conﬁguration are extremely versatile and 
very useful for studying thicker ﬁlms in the range of up to several micrometres, they 
fundamentally rely on a thin metal (here 50nm of gold) coupling-ﬁlm which interfaces 
the waveguide. The use of gold-coupling ﬁlms may be avoided for prism coupling in the 
Otto-conﬁguration (7.1(a)), but the practical operation of this technique (with the several 
nanometres wide air-gap between the prism base and the waveguide ﬁlm) is not only 
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Figure 7.1: The three classical coupling techniques: (a) prism coupling, (b) grating coupling, (c) end-ﬁre 
coupling. 
extremely cumbersome, but also inadequate for the integration with operating DSSC 
devices where both sides of the multi-layer arrangement have to be accessible. 
Alternatively, light can be coupled directly into the end face of the waveguide (7.1(b)). 
This co-called ’end-ﬁre coupling’ matches the spatial distribution of the incident ﬁeld 
to that of the guided mode and is often applied to optical ﬁbres and in communication 
applications. This technique needs highly precise adjustment of all components in order 
to achieve eﬀective coupling of light into the waveguide and is therefore diﬃcult to handle 
in combination with non-static operation (i.e. angular variation of incident light) of the 
waveguide. 
Accordingly, in order to avoid using a gold ﬁlm but also to allow stable and robust handling 
of the system, grating coupling was considered as the methode of choice (7.1(c)). The 
placement of structures with periodic density ﬂuctuation between interfaces of optical 
multi-layer waveguides allows eﬀective coupling of light to guided modes. Optical gratings 
are well-known elements in the ﬁeld of integrated optics and can be fabricated by various 
techniques with high precision (e.g. optical and electron lithography, holography, and 
ion-etching). The simplest theoretical grating is of sinusoidal shape1. Characteristic for a 
grating are its periodicity or grating constant Λ and its groove depth. The groove depth is 
more often described (having a sinusoidal curve in mind) as the amplitude seen at half the 
proﬁle depth. 
The application of diﬀraction gratings as coupling element allows for the excitation of 
1Gratings can have several grating constants and amplitudes that are not necessarily collinear and hence the 
grating can be two or even three-dimensional. This work focuses exclusively on one-dimensional gratings. 
234 
7 Grating-Coupled Optical Waveguide Spectroscopy of Mesoporous ﬁlms 
waveguide modes without the use of a gold layer, furthermore, the excitation can be 
incident from the top as well as from the back-side of the device, which, again, allows for 
an experimental platform with very versatile possibilities for application. 
As was the case for prism coupling, a condition for waveguiding is phase-matching between 
the incident and the guided wave which has to be fulﬁlled. Also the refractive index of the 
waveguiding layer has to be higher than the refractive indices of the surrounding materials 
to ensure total internal reﬂection (TIR) on both interfaces of the waveguide layer and 
consequently for light guidance within the ﬁlm. In order to depict this coupling platform, 
a ray optical model is applied in which a plane wave-ﬁeld is incident at angle θi onto a 
grating with a grating period constant Λ on top of a waveguide structure (see ﬁgure 7.2). 
Figure 7.2: Illustration of the principle of light coupling to and from an optical waveguide via a grating 
coupler (right). Weights of the various diﬀraction orders depend on the groove shape. The coupling is 
adjustable by the grating amplitude as well as the groove shape. For in-coupling the mode m can be 
selected by adjustment of the angle θi (left). The guided light is detected at the end-face.10 
A fraction of the light ray is, as a consequence of refraction, transmitted into the waveguide 
and continues to propagate within this structure with a propagation angle θm, based on 
TIR at both interfaces. In order to achieve constructive interference in the direction of 
propagation, the optical path diﬀerence of parallel light-rays has to be a multiple of λ, 
therefore 
n2Δ2 − n3Δ3 = mλ, m = 0, ±1, ±2 (7.1) 
The geometrical paths Δ3 and Δ2 can be expressed by the grating constant and the 
incident angle, the propagation angle: 
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λ 
n2sinθi − n3sinθm = mΛ (7.2) 
There are speciﬁc resonance conditions where coupling of the incident light to a waveguide 
mode occurs, thus light guiding takes place. Each coupling condition allows one waveguide 
mode to be excited. These resonances can be accessed in two perpendicular planes of 
polarisation, TE-modes for s-polarised light and TM-modes for p-polarised light. Each 
individual mode has therefore its own propagation constant, β, or eﬀective refractive index, 
N , which can be determined by measuring the resonant coupling angle, θm, for each mode 
and inserting it into the mode equation for N . 
λ 
N = n3sinθm + m (7.3)Λ 
The eﬀective refractive index, N , will change depending on the composite refractive index of 
the meso − nc − TiO2 waveguide; hence it also depends on the concentration of molecules 
in a sample (placed within the pore space). The measurement of coupling angles, as in the 
case of the prism-coupling conﬁguration, allows for an accurate determination of N . 
An incoming light wave experiences the periodic structure, given by the grooves of the 
grating, as an array of scattering centres. After light undergoes scattering at the grating, 
the total ﬁeld of the incoming light can accordingly be reconstructed in diﬀerent diﬀraction 
orders from the portions of individual constructive interferences. These reconstructed 
waves can, if their in-plane components of the wavevector (of a given order) match the 
wavevector of the resonantly guided wave, excite guided optical modes. 
Given a grating constant, Λ, the grating vector can be described with the magnitude: 
2π |G| = Λ (7.4) 
with its orientation in the plane of the corrugated surface and perpendicular to the grating 
grooves. Accordingly, multiples of m can be added to the wavevector of the reﬂected ﬁeld 
(m = 0), which is located in the x − y-plane, thus 
⎞⎛⎞⎛ 
2πkx m Λ 
kdiffracted = kphoton + mG = 
⎜⎜⎜⎜⎝ 
⎟⎟⎟⎟⎠ 
⎜⎜⎜⎜⎝ 
⎟⎟⎟⎟⎠0
 +
 0
 (7.5) 
kz 0 
where m is an integer, that indicates the diﬀraction order of the wavevector. Only those 
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combinations persist that conserve the magnitude of the wavevector and thus lie on a 
circle in reciprocal space2 
7.3 Rayleigh Approximation 
The reﬂection of light on multi-layer systems with periodically modulated surfaces has 
been the subject of considerable research, resulting in several mathematical models2,14, 
developed for the theoretical treatment of grating structures. The Rayleigh approximation, 
however, is the most commonly applied. Another approach to this problem was introduced 
by Chandezon5,4 . In order to describe a curved structure with Maxwell’s equation, 
coordinate transformation is applied; hence the grating is ﬂattened and so are the related 
boundary conditions which can then be described with a set of Maxwell equations. 
In this chapter, mathematical treatment of grating coupled waveguide modes and sim­
ulation of the same, were done using ’Mathematica 7’ by Wolfram Research. The code 
based on calculations of corrugated geometries under the assumption of the Rayleigh 
approximation allowed simulation of the reﬂectivity of gratings, calculation of the ﬁeld 
distributions and analysis of experimental data. The code is still under development in 
order to include further features. 
The Rayleigh expansion under assumption of a harmonic time dependence and the 
according expansion of the transfer matrix formalism (explained in the theory chapter) 
will be just outlined here. Additional information about the algorithm can be found in 
the literature12,7. The rapid convergence of this method at high numerical stability is a 
substantial advantage and the main reason for the use of this method. Its application, 
however, is restricted to shallow gratings with an aspect ratio < 0.19 (amplitude divided 
by grating constant). 
The surface proﬁle of the grating was monitored by AFM and accordingly simulated with 
’Wingitter’. Solutions to Maxwell’s equations feature the same translational symmetry 
as the grating proﬁle. Application of EM ﬁelds had to satisfy the Floquet-Bloch theorem 
which transforms the periodic system into a traditional linear system with constant, real 
coeﬃcients. In solid-state physics, the analogous result (generalised to three dimensions) 
is known as Bloch’s theorem, where the periodic potential of the (crystal) lattice results 
in application of Schrödinger’s wave functions1. Under the assumption of a harmonic 
2This approach is similar to the Ewald construction in reciprocal space used in solid state physics to describe 
the elastic scattering of x-rays by a three-dimensional atomic lattice 1. While this concept is very pictorial 
and hence easy to understand, in the treatment of grating coupling this advantage is lost since imaginary 
components of the wavevector are present that can not be shown in real space drawings. 
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Figure 7.3: The Rayleigh approximation as applied to periodically modulated surfaces. The Rayleigh 
approximation extends the application of the transfer matrix method to the region containing the 
corrugation (−a ≤ z ≤ a). All references to the height above the grating are based on the central line 
at z = 0. This can be displaced from the middle of a and −a by an amount of 1/Λ ´  Λ Ϲ(x) dx if the 0 
proﬁle curve Ϲ(x) encloses more area in the z < 0 half-space than in the z > 0 region, or vice versa 
time dependence in the shape of e(−iωt) it is possible to expand the ﬁelds according to the 
Rayleigh expansion in the interval 0 < x < Λ into a superposition of plane and evanescent 
waves. Accordingly, the ﬁeld can adopt the form: 
� (l) (l) (l) (l)−∞
(E+(l) (i[kx x+k z−ωt]) + E+(l) (i[kx x+k z−ωt]))Ej,x(x, z) = l j,x e j,z j,x e j,z (7.6) 
l=−∞ 
with 
k(l) = kx + lG (7.7)x 
and �� �2 
k
(l) = ω εj − kx (l)2 . (7.8)j,z c 
As long as the space |z| > a is considered (see ﬁgure 7.3) this expansion is valid. However, 
in the grating regime, (−a ≤ z ≤ a), where the two media interdigitate, this homogeneity 
can not be assumed, and the Rayleigh hypothesis takes eﬀect by extending equation 
7.6 into the modulation zone. This approach is extensively thoroughly discussed in the 
literature8,3. The continuity conditions at the interface determine the coeﬃcient ﬁelds 
E
±(l). Therefore the Cartesian components of the EM ﬁelds can be expressed by expanding x,i 
the transfer matrix formalism, since the translational symmetry accounts, again, for the 
possibility of separating the solutions into E±(l) and E±(l) for TM or TE polarisation, x,i y,i 
respectively: 
TM polarisation 
E
±(l) kx 
(l) 
E
±(l) 
j,z = � (l) j,x (7.9) 
kj,z 
H
±(l) ωεi 
E
±(l) (7.10)y,i = ± (l) x,i

ckz,i

TE polarisation 
H
±(l) c (l) 
j,x = � kj,zE±(l) (7.11)ω j,y 
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H
±(l) c
k(l)E
±(l) 
j,z = � x j,y . (7.12)ω 
In a similar approach to that of prism coupling to a multi-layer system (see theory chapter), 
the electric ﬁeld components in the 0th and Nth layer were related via the transfer matrix 
for this multi-layer system, with the diﬀerence that one or more of the interfaces are 
periodically modulated and exhibit an identical surface proﬁle Ϲ(x). As an example for the 
case where j/j + 1 is modulated, the relation can be extracted from 
⎞⎛⎞⎛ . . . . . .⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝ 
⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠ 
= QTM,TE Pj QTM,TE PN−1QTM,TE 0,1 P1 · · · j,j+1 ({Ϲ(x)})Pj+1 · · · N−1,N 
⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝ 
⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠ 
+(l)
0 
+(l) 
NE
 E

E0
−(l) 
. . . 
E

+(0)
0 
E
−(0)
0 
. . . 
E

+(−l)
0 
E0
−(−l) 
E
−(l) 
N 
. . . 
E

+(0) 
N 
E
−(0) 
N 
. . . 
E

+(−l) 
N 
E
−(−l) 
N 
. . . 
. . . 
T M,T E 
(7.13) 
T M,T E 
with ⎞⎛ ⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝ 
. . . 
P(l)p,s
i

. . . 
P(0) i 
. . . 
P(−l) i 
. . . 
⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠ 
Pi =
 (7.14) 
and 
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⎞⎛ . . . 
Q(l)TM,TE i,i+1 
. . . 
QTM,TE i,i+1 =

⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝ 
for the case when i 
⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠ 
(7.15)Q(0)TM,TE i,i+1 
. . . 
Q(−l)TM,TE i,i+1 
. . . 
= j. Here Pi and QTM,TE � i,i+1 are matrices of type 2(2L + 1) × 2(2L + 1) 
with the grating Fourier order of 1, thus running from −L to L. Whereas the Q(l) andi 
Q(l)TM,TE are matrices of type 2 × 2 and represent (for i =� j) the propagating components i,i+1 
(both layer and interface components) for the smooth interface layers with the wavevector 
ki,z. 
The interfacial propagator QTM,TE contains all information about the proﬁle of the i,i+1 
modulated interface j/j + 1. The tangential components of the electric ﬁeld amplitudes 
Ej
±(l) can therefore be found, and arranged into 
⎞⎛⎞⎛ 
E

+(l) 
j+1 
+(l)
E

= MTM,TE j+1 
⎜⎝ ⎟⎠ =
 = MTM,TE j ⎜⎝ ⎟⎠ (7.16)j 
E
−(l) 
j+1 E
−(l)
l l 
TM,TE 
j 
TM,TE 
The program ’Mathematica’ was applied in order to numerically evaluate the matrix 
equation, or alternatively ’Wingitter’ was used to simulate experimental data. 
7.4 Grating fabrication 
In the following section the methodology applied for the fabrication and evaluation of 
grating couplers will be outlined. 
Historically, diﬀraction gratings have been manufactured mechanically. In some cases 
this is still done today. The grating grooves are lined by diamond into glass substrates via 
vibration damped machines in a process that is very sensitive to environmental factors 
like changes in temperature and atmospheric pressure13. The ruling cycle can last from 
one day to six weeks. 
Alternatively, and much quicker, gratings can be manufactured via the combination of the 
methods of photo-lithography and reactive ion beam etching in a clean room environment 
within a time span of two days, following the ﬁve step procedure, which is outlined in 
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subsection 7.4.2-7.4.6. Initially, the grating structure is formed by holographic techniques 
into a photoresist ﬁlm. The pattern is then transferred into the substrate material by 
reactive ion beam etching in order to obtain a spatially identical imprint in the glass 
substrate. 
7.4.1 Basics for Holographic Gratings Fabrication 
In the case where two sets of coherent equally polarised monochromatic optical plane 
waves of equal intensity intersect each other, a pattern of standing waves will form in 
the region of intersection. The intensities combine and form, according to the combined 
intensity distribution, a set of straight equally-spaced fringes at the surface they impinge 
on. 
These fringes are separated by a distance, i.e. the grating constant Λ, where 
Λ = λ (7.17)2sinθ 
and θ is the angle between the beams (see ﬁgure 7.4). A small angle between the beams 
will produce a widely spaced fringe pattern (large Λ), whereas a larger angle will produce 
a ﬁne fringe pattern. The lower limit for Λ is given by λ/2, so for visible recording light, 
thousands of fringes per millimetre may be formed within this restriction. 
Figure 7.4: Two collimated beams of wavelength λ form an interference pattern composed of straight 
equally spaced planes of intensity maxima (shown as the horizontal lines). A sinusoidally varying 
interference pattern is found at the surface of a substrate placed perpendicular to these planes. 
7.4.2 Substrate cleaning 
Glass substrates used for holographic grating manufacture included fused silica (LITHOSIL­
Q, Schott) and borosilicate crown glass (BK7, Schott) microscopic glass slides, which were 
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generally dimensioned to a standard size of 2.5 × 2.5cm. 
Prior to any fabrication steps, the substrates were subject to the cleaning procedure for 
glassware, which was described in the experimental chapter. 
After cleaning, the substrates were put on a hotplate at 120°C for 10 minutes to remove 
adsorbed water from the glass surface. Alternatively, a furnace can be used at same 
temperature for 30 min. 
7.4.3 Photoresist deposition 
In order to avoid redeposition of water on the surface the substrates were processed 
immediately after cooling down. The adhesion of the photoresist material onto the glass 
surface was improved by treating the microscopic slides with a primer silane (Microposit 
UN 2924, Rohm and Haas Electronic Materials). Therefore, the glass surface was covered 
with the primer solution and left at rest to interact for 30 s. Excess solution was spun-oﬀ 
the glass sample (1 minute at 3000 rounds per minute (rpm)) after the period of 30s 
elapsed, in order to terminate the process. 
The actual photoresist solution was diluted with a thinner solution (Microposit EC-
solvent, Shipley) in order to adjust the viscosity for the spin-coating process. Therefore the 
photoresist was mixed with an equal volume of thinner and the spin-coater was accordingly 
adjusted to spin the substrate at 3500 rpm for one minute. Thereafter, remaining solvent 
was removed by a by ’softbaking’ the resist at 100°C for 50 s on the hot-plate (when using 
a furnace, 95°C for 12 min are suggested, but it was found that hotplate baking gave better 
results). 
After the soft-bake process was ﬁnished, a resist ﬁlm thickness of dresist ≈ 130nm was 
obtained. It was important that the resist ﬁlm thickness was kept at dresist < λ of the 
applied laser light, in order to avoid parasitic interferences. 
7.4.4 Holographic grating manufacture 
As already mentioned in the introduction above, the combination of photo-lithography 
with holographic exposure is a feasible method to manufacture gratings6. 
In this work, in order to introduce a periodic illumination condition, however, a slightly 
diﬀerent method was used to generate the interference pattern. A single collimated 
monochromatic coherent light beam, after it was reﬂected back upon itself by placing a 
mirror at an angle of 45° into half the laser beam cross section, as shown in ﬁgure 7.5. 
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Black adhesive tape was glued ﬂush (avoiding any bubbles) to the backside of the sample 
to prevent interference from reﬂections. The sample and the mirror (perpendicular to the 
sample surface) were both mounted on a rotary stage (see ﬁgure 7.5). 
Figure 7.5: Single beam interference recording method. A collimated beam of light, incident from 
the right, is retro-reﬂected by a plane mirror, which forms a standing wave pattern whose intensity 
maxima are shown. A transparent blank (substrate), inclined at an angle α to the fringes, will have 
its surfaces exposed to a sinusoidally varying intensity pattern. The photograph depicts the real 
situation in the clean room, where (1) is the collimator lens, (2) the adjustable iris, (3) the mirror, and 
(4) the goniometer the arrangement is mounted on. 
The beam of a helium-cadmium laser (λ = 441.6nm, 35mW , 4270 NB helium-cadmium 
laser, LiCONiX, now a division of Melles Griot Inc.) was passed through a beam expander 
and a spatial ﬁlter. The Gaussian intensity proﬁle of the parallel beam was limited by an 
iris to the inner part of the beam waist where the intensity proﬁle was nearly constant. 
One half of this uniform beam illuminated the photoresist directly; the other half struck 
the mirror ﬁrst, where it was reﬂected and then hit the sample. 
A standing wave pattern was formed, with intensity maxima forming planes parallel to 
the wave fronts. The intersection of this interference pattern with a photoresist-covered 
substrate yielded an identical copy of the pattern of grooves on its surface. The spacing 
Λ depended on the angle θ between the substrate surface and the planes of maximum 
intensity, determined by the tilt angle between the optical axis and the surface normal (see 
Figure 7.5). Λ and θ are for this technique also related by equation 7.17, though it must 
be highlighted that the interference imaging geometry behind the single-beam holographic 
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grating (also called Sheridon grating) is diﬀerent from that of the double-beam geometry. 
The proﬁle, i.e. the groove depth can be adjusted by the following ratio: 
λ 
h = (7.18)2n 
where h is the groove depth (strictly determined by the separation distance between the 
intensity maxima) and λ is the wavelength of the applied laser light, n denotes the refractive 
index of the photoresist material. 
7.4.5 Photoresist activation 
The next step was the activation or development of the pattern within the photoresist 
layer. Since a positive photoresist was chosen for this manufacture, exposure to the 
laser light induced a photochemical reaction in the photoresist that promoted solubility 
in the developer solution (ma-D 330, microresist). The remaining unilluminated material 
remained insoluble. According to the sinusoidal intensity proﬁle of the interference pattern, 
solubility was periodically introduced in the ﬁlm. Immersion in the developer reagent 
translated the solubility contrast into a surface relief grating by solubilising the illuminated 
regions. Optimal illumination and development times depend strongly on the laser power 
used. Both were typically in the order of 30s, but had to be determined precisely again for 
each batch. Excess developer was removed by rinsing with Milli-Q water. The remaining 
photoresist regions were cured by heating the substrates at 110°C for 30 minutes in a 
vacuum oven (’hard baking’). This treatment activated a thermoinitiator in the material, 
facilitating cross-linking. 
7.4.6 Grating transfer 
In order to transfer the grating structure, which was recorded into the photoresist, into the 
underlying glass, reactive ion beam etching (RIBE) was applied. In principle, the polymeric 
grating structure could also be used for spectroscopic application, however, transfer of the 
proﬁle into the hard glass substrate yielded gratings of a more durable form that could be 
used, cleaned and re-used many times. 
The working principle of the RIBE system (RR-I SQ76, Roth & Rau) is illustrated in ﬁgure 
7.6. 
This apparatus operated at high vacuum and was therefore ﬂanged to a vacuum chamber 
(Balzers). The principle of operation can be outlined as: electrons were ejected from the 
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Figure 7.6: Schematic illustration of the reactive ion beam etching. This process allowes the transfer 
of the periodical interference pattern in the photoresist into a surface relief of the glass substrate. O2 
and CF4 molecules are ionised by an ion beam in order to obtain reactive ions with the ability to etch 
the glass materials. Acceleration of these ions adds the additional eﬀect of surface bombardment, 
which supports the grating manufacture. 
Discharge voltage 100 V 
Discharge current 0.55 A 
Beam current 0.4 A 
Acceleration voltage 200 V 
Acceleration current 0.05 A 
Plasma bridge neutraliser voltage 16 ± 4 V 
Plasma bridge neutraliser current 0.53 A 
Probe current 0.52 ± 0.05 A 
Table 7.1: The exact parameters applied to the RIBE system. 
cathode within the discharge chamber and accelerated to and through the anode ring due 
to its higher potential. A dilute ﬂow of O2 and CF4 (Freon) was then passed through the 
opposite part of the chamber. Upon collision of the cathode beam with the gas molecules, 
the electrons were striped oﬀ and the molecules were ionised accordingly. Positive ions 
from this plasma were then pulled in the direction of the screen grid at ground potential. 
By passing this grid, they were accelerated further according to the negative potential 
of the acceleration grid that also served as a focusing element. The ions hit the sample 
perpendicularly in the form of a parallel beam with a diameter of approximately 7cm. 
Charging of the probe - due to the positive ionised beam (0.6keV , 0.2mAcm−2) - was 
prevented by the injection of negative ions and electrons by the plasma bridge neutraliser. 
The pure bombardment of ions onto the samples is enough to ablates the material and 
etch into the sample. However, radicals from the plasma additionally decompose both 
photoresist and glass chemically. The composition of the reactive gases O2 and CF4 was 
optimised in order to attack glass eﬀectively. One has to keep in mind that a diﬀerence in 
etching rates between photoresist and glass of about a ratio of 2 : 1 exists11, distorting the 
pattern transferred from the photoresist into the glass. 
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The heat load on the samples was reduced by dividing the total etching time into four 20 s 
periods, with a 30 s break in between, in order to allow the samples to cool down after the 
ﬁrst treatment. 
7.4.7 Grating Characterisation 
Due to the modular cartridge-based system for sample mounting, the same optical setup, 
as used for prism-coupled OWS in Kretschmann conﬁguration (described in detail in the 
experimental section) also facilitated the experimental work on grating coupled waveguides, 
with no further reconstructions needed. 
In order to be able to simulate the optical behaviour of the fabricated gratings and 
accordingly to evaluate the measurements of the grating-coupled waveguide, it was 
necessary to experimentally determine the exact values of the properties of all components. 
Especially a precise knowledge of the grating constant was crucial, since it directly 
determined the position of the resonance modes. Hence, the grating proﬁle and the exact 
grating constant were measured by AFM before the waveguiding meso − nc − TiO2 ﬁlm 
was formed on top. Detailed information about the grating proﬁle (i.e. amplitude, shape) 
was important in order to reﬁne the modelling of the coupling properties of the particular 
grating. 
Figure 7.7: Origin of the Littrow-reﬂects. Simpliﬁed illustration of a grating with plane-parallel grating 
ﬂanks. In an ideal case the Littrow-reﬂex is reﬂected back into the light source. 
Due to the fact that the grating period was smaller than the wavelength of the allied light 
for the characterisation (λHeNe = 632.8nm), the grating constant could not be determined 
via diﬀraction of perpendicular incident light. Nevertheless, it was possible to determine 
the grating constant; exploiting the phenomenon of the Littrow reﬂects. At distinct angles 
of incidence, diﬀraction of light on a corrugated surface with a given grating constant 
results in constructive interference, due to reﬂection at multiple structural levels (see 
246 
7 Grating-Coupled Optical Waveguide Spectroscopy of Mesoporous ﬁlms 
ﬁgure 7.7). The special case in which the diﬀracted beam of a given diﬀraction order 
coincides with the incident beam is called the Littrow conﬁguration. This phenomenon 
oﬀers a simple and quick polarisation-independent way to conveniently determine the 
grating constant, and requires no modelling of any layers properties. 
This angle was measured by pointing the reﬂected beam (for the diﬀraction order m = 1, 
where the diﬀraction peak is strongest) on (an arbitrarily chosen point on) the wall (see 
ﬁgure 7.8). If this is done for both rotation directions, the angular diﬀerence Δθ could 
then be determined and thus the grating constant Λ could be calculated by 
Λ =	 λHeNe . (7.19)
2sinΔ2 
θ 
In the course of this measurement Δθ/2 was ﬁxed as the zero-angle of the setup, where 
the back reﬂection of the laser beam was congruent with its point of origin. 
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arbitrary mark
on the wall
substrate with grating 
structure at θ
substrate with grating 
structure at θ
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beam at θ
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Figure 7.8: Grating characterisation via Littrow-reﬂections. Details in text. 
In order to simulate reﬂectivity curves for prism coupling, the determining factors were 
the material properties like layer thickness and refractive index. In grating coupling, 
complete knowledge of the grating proﬁle is additionally important for calculations. For the 
purpose of determination of the proﬁle function of holographically manufactured gratings 
the surface topographies was measured by tapping mode AFM (Dimension 3100 Scanning 
Probe Microscope, Veeco). The obtained topographic and relief information were utilised 
in the modelling of the grating proﬁle and related coupling mechanism, and accordingly 
integrated in the code for evaluation of grating-coupled waveguide spectroscopy. 
247 
7 Grating-Coupled Optical Waveguide Spectroscopy of Mesoporous ﬁlms 
Figure 7.9: AFM images of a holographic grating, showing the topography (left) and the relief (right) of 
the structure. The three-dimensional view shows a 3µm by 3µm area from the centre of the glass 
sample. The image is disproportionately streched in z-direction (hight), therefore the axis are not 
equally scaled and the shallow character of the corrugation is distorted. 
7.4.8 Substrate Characterisation 
The exact refractive index of the glass substrate was determined by measuring of the 
Brewster angle, therefore the reﬂectivity of the prim glass surface was scanned for angles 
of incidence in the range of θ =53° - 58°, since the minimum was expected in this region, 
corresponding to a refractive index range of n = 1.327 − 1.600. Due to the shallow proﬁle 
of the minimum, a polynomial ﬁt was applied to the obtained data and the minimum of 
this ﬁtted curve was evaluated. The experimental value for the refractive index of the glass 
substrate was found n = 1.45699, referring to the Brewster angle at found at θ = 55.536°. 
7.5 Grating-Coupled Optical Waveguide Spectroscopy 
The Characterisation of meso−nc−TiO2 in grating-coupled optical waveguide spectroscopy 
(GOWS) conﬁguration was carried out on the same OWS setup as used for prism-coupled 
OWS, the only diﬀerence was the positioning of the photo-detector(s), due to a modiﬁed 
read-out scheme. Grating-coupled waveguides were operated not in reﬂection mode, but 
in the so-called ’end-ﬁre’ detection mode (see ﬁgure 7.10). This read-out technique records 
only the in-coupled light, which is guided within the waveguide along the x-direction, and 
therefore the photo-diodes were positioned at the end-faces (y −z-plane) of the waveguiding 
layer. The great beneﬁt of this detection scheme was the minimised background noise, 
since only guided modes contribute to the signal, which is detected by the photo-diodes. 
This method was chosen (bearing in mind the development of the system for integration 
with DSSC) since the ultra-sharp resonances, obtained in this conﬁguration allow an 
automated (binary) read-out protocol with high degree of accuracy to be implemented. 
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Figure 7.10: Illustration of the waveguide mounted in the exchangeable cartridge on a positioning 
stage. The photo-diodes at the end-faces of the waveguide are highlighted in red with arrows, 
pointing the propagation path of guided light along the x-axis of the waveguide. Highlighted in blue 
is the Peltier element, which allowed for temperature stabilisation. 
7.5.1 End-Fire Operation 
Operation of GOWS in end-ﬁre conﬁguration (as well as in reﬂection conﬁguration) is 
aﬀected by the inﬂuence of external conditions on the angular position of the resonances. 
Therefore, great importance was attached to stabilise the experiment as far as possible, 
hence the temperature was kept at a constant value of 25°C via a Peltier element at 
the base of the metal construction, which worked by the recirculation of temperature 
controlled water through the inner cavities of the cartridge (shown in ﬁgure 7.10). 
Another important parameter was the constantly stable position of the impinging laser 
beam, since the interpretation of the recorded spectra highly depend on an exact knowledge 
of the absolute angles of incident. However, if symmetrical coupling gratings are used for 
waveguide mode excitation, the determination of an absolute zero position can be avoided 
by measuring the angular spectrum in both rotation directions, thus - and + position 
of the symmetric spectrum with respect to the absolute zero position which intrinsically 
underlies this approach as the ’mirror’-plane of the spectrum to both rotation direction. In 
spectral analysis, the absolute zero angle can be determined as half the angular diﬀerence 
of each pair of ± resonance features. The principle is illustrated in ﬁgure 7.11. 
For the total determination of the meso − nc − TiO2 waveguide system (i.e. refractive 
index n and ﬁlm thickness d) it was necessary to have at least two diﬀerent accessible 
resonance features (i.e. modes), in addition the optical properties of the substrate and the 
surrounding medium had to be known. 
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Figure 7.11: Schematic representation of the GOWS detection scheme (left). The resonance features 
(peaks) in the detected intensity signals are clearly distinguishable from the background. Diﬀerenc in 
intensity at both sides of the scan arises from unequal ampliﬁer adjustment (right). 
7.5.2 Liquid handling 
GOWS experiments in liquids were performed with the same kit as introduced for the OWS 
experimental work (se experimental section). The liquid handling equipment allowed full 
optical access to the sensor surface over a broad range of azimuthal angles and to remain 
sealed for longer than 24 hours. 
7.6 Results and Discussion 
With the aim of facilitating in-situ experiments on DSSCs, a holographic grating-coupler 
element was implemented with the meso − nc − TiO2 waveguide. With this step not only 
the Kretschmann multi-layer conﬁguration (i.e. prism/beam-alignment, index-matching, 
evaporation of thin gold layer) could be avoided, but also the fundamental problem of 
destructive chemical interaction of the I−/I3
− electrolyte solution with the gold layer was 
resolved. 
The meso − nc − TiO2 were applied as waveguiding structures on top of fused silica glass 
slides equipped with a holographic grating-couplers. Prior to any sensing application, the 
meso − nc − TiO2 waveguides were exposed to pure ethanol and equilibrated for ca. 24h 
to eliminate observable drift of their refractive index to lower values. This behaviour is 
likely to be due to minor hydrolysis and dissolution of the titanium oxide matrix of the 
waveguide. 
7.6.1 Grating-Coupled Optical Waveguide Spectra of Mesoporous Titania Films 
In order to demonstrate the functional capability of GOWS in combination with meso − 
nc − TiO2 waveguides in principle, angular scans were performed (separately) for TM and 
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TE polarised light. Figure 7.12 shows the experimental resonance scan obtained from 
GOWS with TM polarised laser light after a meso − nc − TiO2 waveguide was exposed to 
pure ethanol and equilibrated for 24h. 
The detected intensity was found to decay as the angle of incidence increased. This 
behaviour was observed for all GOWS measurements, including also for non-porous ﬁlm 
which were investigated in a series of control experiments. Therefore, it was assumed that 
resonances which are located closer to the absolute zero angle exhibited better coupling 
eﬃciencies, which, again, seems to be an intrinsic feature of GOWS. Scans were also taken 
for meso − nc − TiO2 waveguides in air (not shown), however, very poor waveguiding was 
observed, i.e. no resonance features could be resolved. 
Figure 7.12: Angular spectrum of GOWS for a meso − nc − TiO2 waveguide, illuminated with TM 
polarised light. The modes of diﬀerent order (mode order decreases towards increasing angles) 
appear as sharp resonances at distinct angles as the light is impinged on the grating. Due to the 
symmetric nature of the grating coupler, the resonance peaks emerge twice for each mode, mirrored 
at the plane of absolute zero angle of incidence. Apparently, the detected coupling eﬃciency, and 
therefore the intensity decreases as the angle of incidence increases. 
At this point it is important to mention that the photo-detectors on each side (i.e. + and ­
angular range) were both equipped with an ampliﬁer to allow for separate signal intensity 
adjustment. Generally, the strongest resonance features on both sides of the spectrum 
were always tuned to ≈ 1, in this experimental spectra, however, the signal adjustment 
was performed proportionally for the two polarisations for the reason of direct comparison, 
thus to reveal the observed diﬀerence in coupling eﬃciencies. Comparing the angular 
scans for TM light in ﬁgure 7.12 with the one obtained for TE light in ﬁgure 7.13, ≈ 20-fold 
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higher intensities were measured in the case of TE light. This ﬁnding was reproduced 
in all experiments (with varying ratios) and appears to be an intrinsic feature of GOWS. 
Consequently, due to the high signal to noise ratio, TE spectra were preferably utilised for 
experiments. 
Thickness, d [nm] Refractive Index, n [a.u.] Extinction, k 
Substrate ∞ 1.457 -
meso-nc-Titania 1867 1.848 -
Superstrate ∞ 1.3592 -
Figure 7.13: Angular spectrum of GOWS for the identical meso − nc − TiO2 waveguide as shown 
in ﬁgure 7.12, illuminated with TE polarised light. The resonances produce sharp peaks of 20-fold 
intensity as compared to the spectrum obtained from illumination with TM light. The detected coupling 
eﬃciency also decreases for TE polarised light as the angle of incidence increases. 
The coupling mechanism was modelled on the basis of the structural data obtained from 
AFM images of the grating structure proﬁle. The grating constant was found to be 448.2nm, 
based on experimentally determined Littrow-reﬂexes at θ = 44.90°. Also due to AFM, the 
grating amplitude was modelled with a value of 10nm. Furthermore, the proﬁle function 
for the description of the geometric form of the grating was chosen to rather be that of an 
impulse then of a sine function, but with exponentially decaying slopes, rather then with 
immediate phase changes. The resulting shape of the function is shown in ﬁgure 7.14, 
accounting for the symmetrical slopes on both sides (each 50nm) for a complete phase 
change, and accordingly a plateau of 248nm. 
In order to fully describe the meso − nc − TiO2 waveguide with respect to refractive 
index, n, and thickness, d, the three-layer system with the grating at the interface of a 
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Figure 7.14: The section plot is based on averaging over the data of the full area. It yields a 
trapezoidal type of proﬁle ( = 478.5 nm) with an amplitude of ±10nm. 
glass/meso − nc − TiO2 interface was simulated and ﬁt to the experimentally recorded 
data. A reasonably good ﬁt for the shown spectra was obtained with the parameters 
presented in the table above ﬁgure 7.13. From the simulated ﬁt an eﬀective porosity of 
37% of the total ﬁlm volume could be calculated. The ﬁtting of the extinction coeﬃcient 
has not been possible to date, since the simulation code is still under development. 
7.6.2 Dye Adsorption Measurements 
In the next step, a new set of waveguides (after equilibration with pure ethanol) was 
exposed to 3 10−4mol L−1 N719 dye solutions. Before the actual sorption experiment · 
their characteristics were determined according to the above-described procedures. In the 
case of the example presented here the refractive index of the meso − nc − TiO2 waveguide 
in ethanol was found to be n = 1.875 with d = 1870nm, which correlates to a an eﬀective 
porosity of 33%. Exposure to the dye solution was controlled by a peristaltic pump at 
low ﬂow rate in order to allow continuous stirring and dye delivery at a constant rate. 
A gradual increase in refractive index was observed via changes in the mode coupling 
conditions (shown in ﬁgure 7.15). This shift was attributed to the change in the composite 
refractive index of the meso−nc−TiO2 waveguide. Since the simulation code for the ﬁtting 
routine is still under development, a certain degree of uncertainty regarding the accuracy 
of obtained values can not be excluded, however, the preliminary results to date yield an 
increase of Δn = 0.022 due to dye loading over 19h, which is in good agreement with the 
results produced in the conventional Kretschmann prism-coupling conﬁguration. Eﬀective 
medium calculations (for details see introduction chapter) using the measured values 
predict a refractive index of n = 1.400 ± 0.001 for the pore-ﬁlling medium at the time of 
measurement termination. This value is consistent with the calculated dye concentration 
in the prism coupled experiments. A steady-state was not reached during the time of 
adsorption. 
Taking a closer look at the angular shift of the spectrum to higher angles (see ﬁgure 7.15), 
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a signiﬁcant drop in detected intensity was apparent. However, it is not totally clear at this 
stage wether the intensity drop is caused by the intrinsic decrease in coupling eﬃciency 
due to the shift of the particular resonances towards higher (absolute) angles or if it is 
caused by the dye molecules absorbing this portion of light, or even other eﬀects. Though 
it seems that the decrease is correlated, at least to a certain extent, to the presence of the 
dye molecules within the ﬁlm. Indication therefore may be found in the changing rate of 
intensity decrease. 
Figure 7.15: The angular shift of the spectrum to (absolute) higher angles is depicted on the 
example of six successively taken angular spectra during the proces of dye adsorbtion, at t = 
0, 8, 43, 54, 73, 92, 1128min. The signiﬁcant drop in detected intensity is apparent and much higher 
than expected for an intensity decrease just due to lower coupling eﬃciencies at (absolute) higher 
angles. 
7.6.3 Diffusion Kinetics Measurements 
It was assumed that if the intensity drop in the resonance features related to the presence 
of dye molecules within the pore space, then the kinetic behaviour (analysed in detail in the 
previous chapter) of the shifting resonant coupling angles (i.e. composite refractive index 
change) must show signiﬁcant distinctness from the kinetic behaviour of the intensity 
changes (i.e. extinction coeﬃcient). Since the applied materials and conditions are identical 
to the experiments carried out in Kretschmann prism coupling conﬁguration, distinct 
kinetic properties must, if they are intrinsic to the diﬀusive species and the matrix material 
(i.e. no artifact of the method) become observable. 
In order to investigate the kinetics of dye adsorption onto meso − nc − TiO2 pore walls 
with GOWS, the amount of absorbed dye was monitored (via resonance angle shift due 
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to a change of the composite refractive index of meso − nc − TiO2) as a function of time. 
Accordingly, the experiment was run in kinetic tracking mode in order to monitor these 
changes. Since the extinction coeﬃcient could not be simulated for GOWS at this stage, 
is was not possible to extract exact quantitative information from this measurement. 
Nevertheless, the qualitative determination of the characteristic diﬀerences for the two 
probing modes (Δn and Δk) should provide important information about mass transport 
in meso − nc − TiO2 ﬁlms and prove the validity of the GOWS method for monitoring mass 
transport features within mesoporous structures. 
Diﬀerences between the kinetic response of n and k towards N719 dye adsorption were 
observed to be very pronounced, especially in the initial phase of the diﬀusion process. 
Therefore it was expected that a signiﬁcant variation in the slope and shape of the 
time-dependant progression curve would be observed, i.e. the diﬀusion coeﬃcient. 
Diﬀusion experiments were carried out with meso − nc − TiO2 waveguides from the same 
batch of mesoporous material as the waveguides described above in section 7.6.2. The 24h 
equilibration step in pure ethanol was followed by the exposure to 3 10−4mol L−1 N719· 
dye in ethanolic solution. Liquid handling was provided by a peristaltic pump under the 
same conditions as described in section 7.6.2. Figure 7.16 shows a representative time-
dependant signal progression of the resonance angle change (Δθt/Δθtotal) and detected 
intensity change (ΔIt/ΔItotal), respectively, during the initial phase of the sorption process 
versus time. 
Figure 7.16: Preliminary results obtained for meso − nc − TiO2 ﬁlms in grating-coupled optical 
waveguide spectroscopy (GOWS) conﬁguration. Plot of composite refractive index change (left), and 
extinction coeﬃcient change (right) versus time. 
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Fitting of the kinetic curves was done using the same model as for ﬁtting of the kinetic 
progression experiment in Kretschmann prism coupling conﬁguration, i.e. with two 
simultaneously occurring diﬀusion processes (details are described in the previous chapter) 
and accordingly two diﬀusion coeﬃcients. It was found, that the resonance angle shift 
was dominated by a diﬀusion process with a diﬀusion coeﬃcient in the order of D = 
10−13 cm2 s−1, whereas the kinetic curve, obtained for the intensity change, was dominated 
by a diﬀusion process with a diﬀusion coeﬃcient in the order of D = 10−11 cm2 s−1 . 
Equilibration of the sorption kinetics was predicted by the simulation to occur after 
approximately 60h, independent of the starting concentration of the dye solution. 
These preliminary results, clearly show the diﬀerent sensitivities of the two probing 
techniques (Δn and Δk) related to diﬀusion and adsorption processes of dye molecules 
into and within meso − nc − TiO2 waveguide ﬁlms. In order to exploit these properties 
eﬃciently for DSSC characterisation and analysis, further development is necessary. 
The ﬁndings reported here were reproducible during the course of this study, and further­
more, also consistent with the results obtained from previous diﬀusion measurements 
with OWS in Kretschmann prism coupling conﬁguration. Consequently, the transfer of 
the meso − nc − TiO2 waveguides from prism-coupled gold substrates to grating-coupled 
glass substrates was achieved without observable changes in the sensing properties of the 
applied mesoporous ﬁlms. Also it could be deduced that the integration of the grating-
coupler with meso − nc − TiO2 waveguides for OWS will allow in-situ experiments on 
operating DSSC systems, in order to investigate also other diﬀusion related processes in 
the DSSC under real conditions, and most notably, under illumination with a deﬁned 
wavelength spectrum. 
Bearing in mind the origin of the signals (as discussed in the previous chapter), it can be 
speculated that only a fraction of the in-diﬀused dye molecules within the mesopores is 
chemically bound to the titania surface, and hence cause a diﬀerent optical signal than the 
isolated or physisorbed dye species. Furthermore, it is considered that (under illumination) 
only surface-bound dye molecules contribute to the energy conversion process of the 
particular DSSC, thus only surface-bound dye molecules have the ability to transfer 
electrons via electrically bonded COO groups. Generally, the incident photon-to-current 
eﬃciency (IPCE) is expected to increase linearly with the amount of adsorbed dye, basically 
because more adsorbed dye molecules are expected to absorb more photons, thus to 
ﬁnally generate more electrons. Under this aspect it might be interesting to investigate the 
correlation between the IPCE, or rather the absorbed photon-to-current eﬃciency (APCE) 
to the characteristics of refractive index and extinction coeﬃcient kinetics, respectively. 
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7.7 Conclusion 
The integration of the experimental meso − nc − TiO2 OWS to a system capable of in-situ 
monitoring of changes in refractive index and extinction coeﬃcient with the ability for 
integration with DSSC have been successfully demonstrated in this chapter. Moreover, this 
improved technique has much lower experimental complexity, and shows great potential 
for integration with various other techniques and applications. 
Preliminary results of simulations and experimental data on refractive index and extinction 
measurements, as well as adsorption monitoring, and time-dependent kinetics scans were 
in good accordance to the previous measurements in Kretschmannconﬁguration. 
In order to explicitly investigate the changes and interactions of diﬀused dye molecules with 
and at the titania surface in more detail, it is strongly suggested to additionally apply an 
IR-light source to the OWS method. The wavelength spectrum in the IR-range is sensitive 
to chemical interactions (at the titania surface) which are related to the photo-catalytic 
processes during dye sensitisation and also during DSSC operation. 
Major aspects, for example pore size/volume ratio, surface chemistry as well as surface 
charges, and guest-host-interactions in nano-sized environments in general have to be 
investigated in more detail in order to gather signiﬁcant information about the transport 
processes within mesoporous titania. However, diﬀusion monitoring with OWS techniques 
was successfully introduced and proved to be capable of addressing spatially resolved and 
time-dependant processes within mesoporous materials. Moreover, the remarkable feature 
of spatial resolution limits beyond the diﬀraction limit makes this method a highly valuable 
tool for the investigation of fundamental material properties but also for the exploration of 
new phenomena in optics and opto-electronics. 
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Chapter 8

Conclusions and Outlook

8.1 SUMMARY 
A method was developed to access the interior of light-guiding structures in order to exploit 
the enhanced sensing potential of the highly conﬁned electromagnetic ﬁeld distributions, 
located within the core of a waveguide. 
The work presented in this thesis explores the possibilities of optical waveguide spectro­
scopy utilising transparent mesoporous thin-ﬁlm waveguides deposited on top of a gold 
layer. This multi-layer assembly is employed in a prism-coupling attenuated total internal 
reﬂection (ATR) conﬁguration. The angular read-out of the reﬂected light intensity allows 
label-free detection schemes with high sensitivity to changes of the dielectric environment 
due to the presence of analyte molecules within the probing region. 
The application of mesoporous materials for sensing purposes is in particular advantageous, 
due to the large internal surface area intrinsically inherent to these structures, which 
allows the target species to be accumulated within the pore volume until a density of analyte 
is reached that is detectable within the sensitivity limits of the probing technique. The 
advantage of such an approach is that the target species is conﬁned to a three-dimensional 
region with dimensions on the same scale as the target itself. 
Because of its porous nature, the eﬀective refractive index of such porous structures is 
lower than that of bulk material. The captured molecules inside the pore volume increase 
the composite refractive index of the porous oxide structures thus cause a shift in the 
waveguide mode coupling condition and consequently manifest in an angular shift of the 
resonance feature that is detectable in reﬂectance spectra. The composite refractive index 
of a porous layer is related to its porosity and analysed by the Bruggeman eﬀective medium 
model ? . 
259 
8 Conclusions and Outlook 
Mesoporous titanium oxide in particular is a good host material for label-free optical 
sensing applications because its optical properties (e.g. high-refractive index, highly 
transparent) are highly sensitive to the presence of molecules inside the pores? . In 
order to be suitable for optical waveguiding application the mesoporous material has to 
have a high refractive index and pore-sizes not exceeding ≈ λHeNe/10 for guiding light at 
visible wavelengths this restricts the pores size to the maximum allowed size, whereas 
the adsorption and diﬀusion properties of molecular restrict the pore-size to the lower 
limit. Consequently materials with pore-sizes between 10 and 30 nm and and completely 
interconnected pores were aspired. 
It is shown that mesoporous titanium oxide can be used as a base material for optical 
waveguide applications. 
8.1.1 Preparation of Mesoporous Materials 
For this purpose, diﬀerent forms of mesoporous titanium oxide are prepared by approaches 
os such as soft-templating of mesostructures, two-dimensional nanotube-arrays, and 
three-dimensional structures of sintered nanoparticles. Due to the sub-wavelength nature 
of the mesostructure, the mesoporous titanium oxide ﬁlms served very well as optical 
waveguides. Furthermore it was possible to distinguish between processes occurring at the 
surface of the mesoporous ﬁlms from processes within the actual mesoporous environment, 
due to intrinsic features of optical waveguide spectroscopy. 
The best results for optical waveguide application are achieved with colloidal assemblies of 
nanocolloids, these materials were therefore chosen for further studies. 
The material was made by ab-initio synthesis of nanoparticles through wet chemical 
synthesis. This procedure is based on colloidal chemistry, involving a sol–gel precipitation 
process, and provides the ability to control particle size with high monodispersity. 
8.1.2 Application 
The waveguiding capability of the mesoporous titanium oxide waveguide ﬁlms in the prism-
coupling assembly is experimentally demonstrated by very sensitive in-situ measurement 
of adsorption processes of ruthenium-based metal-organic dye (’N719’) molecules on the 
inner surfaces of the mesoporous titania ﬁlms. 
Furthermore, the concept is applied to in-situ monitoring of diﬀusion kinetics of N719 dye 
within the conﬁned pore geometry. It is found that diﬀusion is signiﬁcantly slowed down in 
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the regime of mesopores to diﬀusion coeﬃcients, as low as 10−11cm2 s−1 and10−13cm2 s−1 , 
respectively. 
Diﬀusion kinetic studies were carried out in order to detect mass transport processes within 
the mesoporous titania waveguide ﬁlm, thus to yield information about the sensitisation 
process, which is crucial for dye sensitised solar cell (DSSC) eﬃciency, in order to 
allow optimisation and accordingly higher induced photon to current eﬃciencies (IPCE). 
Therefore, the distinguishability between changes in refractive index changes, Δn, from 
extinction coeﬃcient changes, Δk, within the mesoporous structured waveguide ﬁlms 
is exploited for discrimination of surface-adsorbed dye molecules from solubilised dye 
molecules in the pore volume. The highly conﬁned electromagnetic ﬁeld of the resonance 
feature (guided mode) and its intrinsically deﬁned intensity proﬁle allow spatially resolved 
refractive index determination, thus quantiﬁcation of concentration gradients with a 
resolution below the diﬀraction limit. 
In the nest step, for the purpose of DSSC research and development in particular, the 
mesoporous waveguide system is integrated with holographic grating coupling technology, 
hence allowing optical waveguide spectroscopy measurements on operating DSSCs and 
also reduces the complexity and the required equipment for the handling of the device to a 
great extend. 
8.2 Conclusion 
The present study laid a foundation for exploiting high-performance optical sensors by using 
mesoporous titanium-oxide thin ﬁlms. Grating coupled optical waveguide spectroscopy 
(GOWS) with the perspective for miniaturisation oﬀers the mesoporous slab waveguide a 
potential application in the ﬁelds of integrated optical sensors for process control in future 
DSSC production. 
8.3 Outlook 
Further development of the sensing scheme is suggested in order to improve the ability 
of mesoporous optical waveguides to be used in automatised processes, therefore the 
implementation of so-called m-line spectroscopy in combination with charge-coupled device 
(CCD) for dynamic signal read-out is recommended. With this special technique, excitation 
of multiple modes is possible without angular displacement, thus without moving parts in 
the equipment. This can be realised by presenting a broad angular spectrum for mode 
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excitation by focusing the impinging laser light on the coupling device, hence, depending 
on the focal distance of the applied lens, an angular spectrum is added to the geometrically 
produced angle of incidence θi = θm ±�θ (see ﬁgure 8.1). As a consequence, the m-line 
conﬁguration does not require moving/rotating parts for angular interrogation. 
Figure 8.1: Schematic illustration of the proposed experimental setup for grating coupled m-line 
spectroscopy. 
The guided light is detected at mode coupling angles as a very sharp peak in intensity, 
additionally the reﬂected beam (not shown in the sketch in ﬁgure 8.1), carrying the 
same angular spectrum as the impinging beam (and therefore also the angular intensity 
spectrum) can be detected by the CCD. The angular reﬂectance spectrum is analysed 
regarding its intensity distribution on the array. The method can be further extended 
in order to image surfaces with respect to their coupling conditions, i.e. producing two-
dimensional maps of refractive index and/or thickness distribution(s) of the scanned area. 
Alternatively, the intensity along the path of guided light can be monitored via CCD for 
the purpose of e.g. ﬂuorescence excitation through a range of micro arrays. 
In order to explicitly investigate the changes and interactions of diﬀused dye molecules with 
and at the titania surface in more detail, it is strongly suggested to additionally apply an 
IR-light source to the OWS method. The wavelength spectrum in the IR-range is sensitive 
to chemical interactions (at the titania surface) which are related to the photo-catalytic 
processes during dye sensitisation and also during DSSC operation. 
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sensing of speciﬁc molecular binding to a previously formed (bio)chemically selective 
target layer and the according formation of a double layer (measured variables are 
nadlayer1, dadlayer1, nadlayer2, and dadlayer2). (b) Sensing of molecular binding to a 3D­
binding matrix above the waveguide layer (measured variables are nmatrix, dmatrix, 
Δnmatrix, and Δdmatrix). The EM ﬁeld distribution is shown schematically for the 
case of OWG sensing, whereas for SPR sensors exclusively the evanescent tail above 
the metal surface is present. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19 
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1.5	 Schematic illustration of sensor eﬀects based on sorption of small (gas) molecules 
in microporous slab waveguide ﬁlms. The scheme in (a) depicts the application of 
1D-micropores for sensing of small (gas) molecules and the eventual formation of an 
adlayer (measured variables are Δnwaveguide, dadlayer, and nadlayer). (b) Sensing 
of small (gas) molecules by adsorption into a 3D-microporous waveguide matrix 
(measured variables are Δnwaveguide, dadlayer, and nadlayer). The EM ﬁeld distribution 
is shown schematically for the case of OWG sensing. . . . . . . . . . . . . . . . 20 
1.6	 Illustration of the heterogeneous two-component structure of a mesoporous waveguide 
material (left), and the corresponding eﬀective medium model (right), which in eﬀect 
deﬁnes a uniform, prototypical composite structure with a dielectric response that 
is given by combining the known individual dielectric responses of the constituents. 
Given that the dimensions of the pore structure d � λ, the EMT model eﬀectively 
describes the optical parameters of porous materials equivalent to as they are seen by 
the probing light. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25 
1.7	 Illustration of the range for values of q and s as a function of the geometrical shape of 
the constituents. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27 
1.8	 Nanocomposite used in approximation of Maxwell-Garnett with fa � fb (left) and the 
approximation of Bruggeman with fa � fb (right). . . . . . . . . . . . . . . . . . 28 
1.9	 EM ﬁeld calculations for the reported examples of mesoporous waveguide sensing 
schemes from literature are presented in this overview. The sketch in (a) shows 
the angular reﬂectivity spectrum for just the glass slide (nBK7 = 1.51513) in air as 
cover medium (nC = 1.00027) without any mesoporous adlayer for reference. (b) 
and (c) show the corresponding spectra for the two reported systems, consulted 
for this exempliﬁcation. (b) shows the angular reﬂectivity scan of a mesoporous 
titania layer (nmeso−TiO2 = 1.8, dmeso−TiO2 = 270nm) deposited on a BK7 glass 
slide, (c) illustrates the thin-ﬁlm mesoporous SnO2 waveguide (nmeso−SnO2 = 1.64, 
dmeso−SnO2 = 41.2nm), formed on a tin-diﬀused glass slide. The spatial distributions 
of the electric ﬁeld intensities in z-direction for each example at operational conditions 
at the coupling angle of 45ř are depicted in (d), (e), and (f). . . . . . . . . . . . . . 30 
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1.10 (a) shows the Fresnel simulation for angular dependent reﬂectivity (in air nair = 
1.000) of a thin mesoporous titania ﬁlm (nmeso−TiO2 = 1.4968, dmeso−TiO2 = 270nm) 
deposited on a thin gold layer (nAu = 0.312, kAu = 3.823, dAu = 48nm) on top of a 
glass slide (nBK7 = 1.51513). When the mesoporous oxide layer is inﬁltrated with 
water, the composite refractive index is increased and the spectrum of the monomodal 
waveguide shifts to higher angles. The spatial electric ﬁeld distribution in z-direction 
under initial conditions with air-ﬁlled pores is schematically illustrate for the present 
TM1 mode (b) and the TE0 mode (c). . . . . . . . . . . . . . . . . . . . . . . . 30 
1.11 (a) Illustration of angular dependent reﬂectivity (in air nair = 1.000) of a mesoporous 
titania ﬁlm (nmeso−TiO2 = 1.4968, dmeso−TiO2 ≈ 1.4µm) deposited on a thin gold layer 
(nAu = 0.312, kAu = 3.823, dAu = 48nm) on top of a glass slide (nBK7 = 1.51513). The 
spatial electric ﬁeld distributions in z-direction with air-ﬁlled pores are schematically 
illustrate for the all present TE modes (b) and in (c) for the TM modes, respectively. 31 
1.12 (a) When the mesoporous oxide layer is inﬁltrated with water (nwater = 1.333), the 
composite refractive index is increased and the spectrum of the multimodal waveguide 
shifts to higher angles. (compare with 1.11) (b) The spatial electric ﬁeld distribution in 
z-direction with water-ﬁlled pores is schematically illustrate for the present TE4 mode. 32 
1.13 Illustration of angular dependent reﬂectivity (in air nair = 1.000) of a mesoporous 
titania ﬁlm (nmeso−TiO2 = 1.4968, dmeso−TiO2 ≈ 1.4µm) deposited on a thin gold layer 
(nAu = 0.312, kAu = 3.823, dAu = 48nm) on top of a glass slide (nBK7 = 1.51513). 
The spatial ﬁeld distributions in z-direction with air-ﬁlled pores are schematically 
illustrate for the all present TE modes (b) and in (c) for the TM modes, respectively. 32 
1.14 Illustration of angular dependent reﬂectivity (in water nwater = 1.333) of a mesoporous 
titania ﬁlm (nmeso−TiO2 = 1.4968, dmeso−TiO2 ≈ 1.4µm) deposited on a thin gold layer 
(nAu = 0.312, kAu = 3.823, dAu = 48nm) on top of a glass slide (nBK7 = 1.51513). 
The spatial ﬁeld distributions in z-direction with air-ﬁlled pores are schematically 
illustrate for the all present TE modes (b) and in (c) for the TM modes, respectively. 33 
2.1	 A dielectric schematic permittivity spectrum over a wide range of frequencies. ε� and 
ε�� denote the real and the imaginary part of the permittivity, respectively. Various 
processes are labelled on the image: ionic and dipolar relaxation, and atomic and 
electronic resonances at higher energies. . . . . . . . . . . . . . . . . . . . . . . 43 
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2.2	 EM radiation is classiﬁed according to the frequency (or wavelength) of the light wave. 
This includes (in order of increasing frequency): natural EM waves, radio waves, 
microwaves, terahertz radiation, infrared (IR) radiation, visible light (Vis), ultraviolet 
(UV) radiation, X-rays and gamma rays. A small window of frequencies, called the 
visible spectrum or light, is sensed by the eye of various organisms, with variations of 
the limits of this narrow spectrum, hence referred to as the visible portion (highlighted 
above). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44 
2.3	 Schematic illustration of a linearly polarised plane electromagnetic wave. The trans­
verse electric ﬁeld wave is accompanied by a magnetic ﬁeld wave as illustrated above. 
By convention, the polarisation of light is described by specifying the direction of the 
wave’s electric ﬁeld (coloured) being either in the plane if incidence (TM or p-polarised) 
or perpendicular to it (TE or s-polarised). . . . . . . . . . . . . . . . . . . . . . 47 
2.4	 Reﬂection of a plane wave from a surface perpendicular to the page. The cases are 
illustrated for both TE polarised light (left), with s-components of the wave perpendicular 
to the plane of the page, and TM polarised light (right) where p-components of the 
wave are perpendicular to the surface. . . . . . . . . . . . . . . . . . . . . . . 48 
2.5	 Reﬂectivity as a function of the incident angle, θi. The critical angle, θcritical, denotes 
the lowest angle at which total internal reﬂection occours. It is given by sin(θcritical) = 
ε1 . This particular curve was calculated with ε1 = 1.778, ε2 = 3.4036. . . . . . . 49ε2 
2.6	 (a) Illustration of a randomly polarised ray of light impinging upon an inter­
face at Brewster’s angle, given when the k-vectors of the reﬂected and the 
transmitted light form a 90° angle to each other. (b) Linearly TM-polarised 
(E-vector parallel to the plane of interface). No light is reﬂected. (c) Linearly 
TE-polarised (E-vector perpendicular to the plane of interface). For n1 being 
air and n2 being glass, approximately 15% of the impinged light intensity is 
reﬂected and 85% transmitted. . . . . . . . . . . . . . . . . . . . . . . . . 51 
2.7	 Fresnel reﬂected intensity (i.e. reﬂectivity, Ireflected ) at an interface of two Iin 
materials with n1 = 1.0 and n2 = 2.0 at λ = 632.8nm versus angle of 
incidence θi from air. For TM-polarisation, the reﬂectivity vanishes at the 
Brewster angle of incidence, whereas the reﬂectivity increases monotonously 
for TE-polarisation with increasing incidence angle. . . . . . . . . . . . . . 52 
2.8	 (a) Specular reﬂection, (b) internal reﬂection, (c) metallic reﬂection. . . . . 53 
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2.9	 Left: Travelling EM waves in a medium undergo TIR at its boundary because 
they hit the interface at an angle equal or greater than the critical angle 
(θi > θcritical) (for a detailed description, see subsection 2.1.4), accordingly the 
refracted light beam disappears. Surprisingly, when the light wave is totally 
reﬂected, there are still waves present in the less dense medium. Although 
no net energy is transferred through the interface under conditions of TIR, an 
optical disturbance occurs outside the material’s surface which takes the form 
of an ’evanescent wave’. Thus only a spatially very restricted volume, very 
close to the interface is illuminated by the evanescent wave. The physical 
explanation for the existence of the evanescent wave is that the electric and 
magnetic ﬁelds cannot be discontinuous at a boundary, as it would be the 
case if there was no evanescent wave-ﬁeld. Right: If the TIR condition is not 
fulﬁlled, the waves are refracted and propagate through the lower index medium. 55 
2.10 TIR of a plane wave of wavelength λ at the surface of a medium, n1, in contact 
with a dielectric medium, n2, where n2 < n1. For incident angles θi > θcritical 
the evanescent ﬁeld at the interface decays exponentially into the dielectric 
with a penetration depth lp. While wave solutions have real wave numbers, 
for evanescent modes they are purely imaginary. . . . . . . . . . . . . . . . 56 
2.11 The evanescent electric ﬁeld vector for TE-polarised incident light is perpendicular 
to the plane of incidence (left). A non-zero longitudinal component and phase lag 
manifests the TM -polarised incident light, which has an evanescent electric ﬁeld 
vector direction that remains in the plane of incidence. The longitudinal component 
induces the p-polarised light electric ﬁeld vector to ’rotate’ along the interface and 
produce elliptical polarisation of the evanescent ﬁeld in the plane of propagation (right). 56 
2.12 Schematic illustration of the wave vector components and their magnitudes for the 
evanescent wave. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58 
2.13 A transparent, low refractive index material (i.e.air) is sandwiched between two prisms 
of another material (i.e. glass). This allows the beam to ’tunnel’ through from one 
prism to the next in a process very similar to quantum tunnelling while at the same 
time the emerging evanescent wave will pass energy across the air-gap into the glass 
medium. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61 
2.14 Scheme of a p-polarised surface wave and its electric ﬁeld on the interface (dielec­
tric/metal) between two semi-inﬁnite half-spaces. The oscillating charge density being 
associated with the electromagnetic wave is indicated. . . . . . . . . . . . . . . . 61 
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2.15 Schematic of evanescent character of a surface plasmon mode excited at a metal/dielectric 
interface in the x-, y-plane propagating as a damped oscillatory wave in the x-direction. 
The electric ﬁeld components along the z-direction, normal to the interface,decay expo­
nentially, here shown for the Ez component.? . . . . . . . . . . . . . . . . . . . 64 
2.16 Distribution of the magnetic ﬁeld intensity Hy of the SP propagating along the interface 
of gold (n˜Au = 0.3+ i3.8) and water as the dielectric (nH2O = 1.33) at a wavelength of 
λ = 0.633µm. The table summarises the typical values for penetration depths and 
propagation lengths in an aqueous surrounding above a gold surface as illustrated in 
the ﬁgure. ? . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65 
2.17 (a) Momentum relation between a surface plasmon, ksp, propagating along x and a 
photon, kph, incident at the metal/dielectric interface at an angle θ. At any angles 
θ; | kph |<| ksp |. (b) Wavevector matching condition for the resonant coupling of 
photons travelling in the prism: At the incident angle θ0, the photon projection along 
the x-coordinate, kx,ph, matches the SP wavevector ksp. For details, see text. . . . . 65 
2.18 Dispersion relation of the SP at the interface between air (nair = 1) and gold (n˜Au = 
0.3 + i3.8), silver (n˜Ag = 0.1 + i4.0) and aluminium (n˜Al = 1.4 + i7.6). ? . . . . . . 67 
2.19 The comparison of the dispersion relation of a SP and photons in the prism and the 
dielectric for the same parameters.? . . . . . . . . . . . . . . . . . . . . . . . . 67 
2.20 (a) The Otto conﬁguration is based on TIR of a plane wave incident at an angle 
θi,SPR at the base of a prism. The evanescent tail of this inhomogeneous wave can 
excite SP states at an Au-dielectric interface, provided the coupling gap is suﬃciently 
narrow (within the reach of the evanescent tail dgap ∼ 200nm). (b) Excitation of SP 
waves by internally reﬂected light in the Kretschmann-conﬁguration. A gold coated 
(dAu ∼ 50nm) glass slide is optically coupled (index-matched) to a glass prism. At the 
resonance angle θi,SPR the projection of the light wave vector in glass, kx,ph, is equal 
to the wave vector of the surface plasmon wave kSP . The evanescent light ﬁeld is 
penetrating the gold ﬁlm and exciting the SP waves. Its exponentially decaying electric 
ﬁeld Ez is also sketched (coloured in red). Since the SP waves are excited resonantly 
their electric ﬁeld is enhanced (resonance ampliﬁcation). . . . . . . . . . . . . . . 68 
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2.21 Calculated and measured dispersion relations of SP waves (compare with ﬁgure 2.19 
and ﬁgure 2.23). The ﬁlled circles represent measurements between λ = 590−1000nm 
in a multi-layer system consisting of BK7 glass / 50nm gold / water. The solid lines 
represent calculated dispersion relations according to equations 2.46 and 2.50 for 
diﬀerent dielectrics. The broken lines represent the light lines in vacuum and BK7 
glass. Since SP waves on a gold / BK7 interface have larger wave vectors than light 
in BK7, they can not be excited by light in BK7. Consequently there is no SP wave 
excitation on the interface glass / gold in the Kretschmann-conﬁguration and ndielectric 
must be smaller than nprism for SPR measurements.? . . . . . . . . . . . . . . . 69 
2.22 Angular reﬂectivity spectra for the excitation of SPs at the wavelength of λ = 0.633µm 
the interface of gold (n˜Au = 0.3 + i3.8) and water as the dielectric (nH2O = 1.33) using 
a prism coupler (nLaSF 9 = 1.845) and a gold ﬁlm with the thickness dAu between 35 
and 100 nm.? . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70 
2.23 (a) Dispersion relation of a photon travelling as a plane wave in the dielectric medium, 
ω = cdielectrickph, with cdielectric = c ndielectric the speed of light in the dielectric (solid 
line), and a photon propagating in the prism ω = cprismkph, cprism = c nprism (dotted 
line). The dispersion relation, ω vs. ksp, of plasmon surface polariton at an Au-air 
interface (SP, dashed curve) and at an Au-dielectric coating-air interface (SP, dash − 
dotted curve). Laser light of energy �ωL couples at angles k0 sp and k1 sp, respectively, 
given by the energy and momentum matching condition (see the intersection of the 
horizontal line at ωL with the two dispersion curves). (b) Reﬂectivity curves obtained 
for a bare Au-ﬁlm; solid curve, evaporated onto a glass prism; dash − dottedcurve , 
after adsorption of an ultra-thin adlayer (nadlayer = 1.45, dadlayer = 3nm) in air. . . 72 
2.24 (a) The penetration depth lp of surface plasmon waves in dependence of the excitation 
wavelength according to equation 2.55. (b) Upper graph: The variation of lp with the 
eﬀective perceived refractive index N , calculated for λ = 600nm. Lower graph: The 
relative change of lp to lp,water in water. . . . . . . . . . . . . . . . . . . . . . . 73 
2.25 A multilayer system consisting of N + 1 layers (the ﬁrst and the last are omitted for 
cavity), each with individual properties (i.e. dielectric constant εj and a thickness dj ), 
is entered by a light beam with angle of incidence θ. Within these layers the electric 
and magnetic ﬁeld may be described completely by two plane waves propagating in 
positive (E+ j , H+ j ﬁeld amplitudes) and negative (E−j , H−j ) z-direction. The reﬂectivity 
can be calculated by considering the contribution of each interface and each layer by 
applying the 2 × 2 matrix formalism. . . . . . . . . . . . . . . . . . . . . . . . . 75 
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2.26 Basic waveguide structure with illustration of light guided in the waveguide ﬁlm by 
total internal reﬂection (TIR) at the ﬁlm boundaries. b) refractive index distribution 
along the multilayer structure. . . . . . . . . . . . . . . . . . . . . . . . . . . . 78 
2.27 Zigzag wave representation of light propagation in a planar optical waveguide. (for 
details see text)) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 80 
2.28 Fundamental mode (m = 0) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 82 
2.29 Higher order mode mode (m = 1) . . . . . . . . . . . . . . . . . . . . . . . . . . 82 
2.30 Schematic illustration of the properties of the normal modes using a solid 1.5µm thick 
T iO2/glass waveguide in air as the example. It shows that ’airspace’, ’substrate’, 
and ’waveguide’ modes have mode indices between 0 and ncover = 1, ncover = 1 
and nsubstrate = 1.5, and nsubstrate = 1.5 and nwaveguide = 2.1, respectively. On the 
right side of the ﬁgure mode curves are plotted. The dashed and solid curves are 
representing TM and TE waveguide modes, respectively.This shows the presence of 
ﬁve TM and ﬁve TE ’waveguide’ modes. Each of the waveguide modes is the result of 
a ’zigzag wave’. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83 
2.31 Shows various normal modes of the waveguide by considering a plane wave in the 
ﬁlm. In (a), the incident angleθi is smaller than the critical angle θcritical at the two 
interfaces. The light beam is refracted into both the substrate and the airspace forming 
an ’airspace’ mode. As θi increases, it eventually becomes larger than the critical 
angle at the air-ﬁlm interface. The light wave is then totally reﬂected at this interface 
forming a ’substrate’ mode (b). Finally, a waveguide mode is formed as θi becomes 
larger than the critical angle at the ﬁlm-substrate interface. In this case, the light beam 
appears as zigzag wave in the ﬁlm (c). . . . . . . . . . . . . . . . . . . . . . . . 84 
2.32 Otto conﬁguration for light-coupling into a waveguide applies a prism with a thin metal 
air-gap between its base and the waveguide in order to totally reﬂect the laser light at 
the prism-base. During total internal reﬂection the light couples via evanescent wave 
into the waveguide given that the wave vectors match at angle θi, as illustrated on the 
right. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87 
2.33 Kretschmann conﬁguration for light-coupling into a waveguide utilises a prism with a 
thin metal layer (e.g. Au or Ag) between its base and the waveguide in order to totally 
reﬂect the laser light at the prism/metal interface. During total internal reﬂection the 
light couples via evanescent wave into the waveguide given that the wave vectors 
match at angle θi. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87 
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2.34 Angular dependent Kretschmann scan curves for a multi-mode waveguide. The the 
reﬂected intensity (i.e. reﬂectivity) of p-polarised light (left) and s-polarised light (right) 
with air as surrounding medium is ﬁtted with a Fresnel simulation for reﬂections at 
multi-layer systems. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88 
2.35 Illustration of a gradually decreasing refractive index gradient . . . . . . . . . . . 94

3.1	 The Sellmeier equation gives the refractive index of transparent media with accuracy 
better than 10−5 for wavelengths ranging from λ = 200 − 1200nm. The plot shows 
the calculated RI values of glass material used in this thesis. . . . . . . . . . . . . 101 
3.2	 The cross-section of the high-vacuum apparatus illustrates the process of thermal 
evaporation of metallic gold. Gold is sublimated in the electrically heated source basket 
and evaporated onto the sample surface. The gold vapour spreads out uniformly in 
the whole volume of the chamber. The rate of evaporation and the total amount of 
deposited gold is measured by a quartz crystal micro-balance (QCM) and can therefore 
be terminated at the target layer thickness. . . . . . . . . . . . . . . . . . . . . . 103 
3.3	 Application of TiO2 thin-ﬁlms . . . . . . . . . . . . . . . . . . . . . . . . . . . 104

3.4	 Proportional drawing which was made in order to produce the components for the 
anodisation cell. The left sketch shows the bottom part of the cell with the circular 
hole, which determines the area of the titanium foil exposed to the electrolyte solution. 
The right sketch displays the top part of the cell, which tightly ﬁts the bottom part, 
providing a central circular opening for the stirrer and an opening allowing for the 
connection of the electrode. The components were milled from solid PTFE blocks. Not 
shown is a 1cm high copper block, which was used as the opposite electrode at he 
bottom of the cell. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 106 
3.5	 Tapping Mode AFM - Silicon Probes from single crystal silicon, produced by etching 
techniques. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 108 
3.6	 Schematic illustration of the experimental setup in its θ − 2θ layout. The angular scan 
range is implied to give a visual understanding of the measurement principle. . . . 109 
3.7	 Photograph of the experimental ATR setup. Detailed information about the setup is 
given in the text. For measurements of the reﬂected intensity as a function of the 
angle of incidence Θ the light beam from the monochromator M is used. The angle of 
incidence Θ is measured between the normal of the gold surface and the respective 
light beam. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 110 
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3.8	 A cartridge, supporting the prism coupler for mode excitation in Kretschmann con­
ﬁguration (left). The scheme in the middle shows the universal support unit loaded 
with a cartridge for prism-based coupling (alternative design). The support unit is 
equipped with a Peltier-Element, allowing for computerised temperature control of the 
experiment. The illustration on the right shows the equivalent design of a cartridge foe 
substrates with grating coupler. The picture also gives an insight into the cartridge, 
showing the suspended support for the solution ﬂow cell (common to all cartridge 
versions), which is tightly ﬁt onto the sample when the cartridge is closed. . . . . . 112 
3.9 Schematic illustration of the early ﬂow cell and the principle assembly of the liquid 
handling for sample delivery from solution. . . . . . . . . . . . . . . . . . . . . 113 
3.10 The new design of the ﬂow cell, compatible with the developed multiple-cartridge system.113 
3.11 Measurement of the reﬂected intensity at an interfaces glass/air and glass/water in 
Kretschmann coupling geometry in dependence of the angle of incidence as determined 
by the goniometer reading. The steep increase in intensity indicates the transition to 
total reﬂection. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 114 
3.12 ATR scans of TE and TM polarised light in nair = 1.00000 (left side) and nwater = 
1.33300 (right side) with three diﬀerent prisms with a layer system dAu = 50nm, 
nAu = 0.312, kAu = 3.823 and nprism = 1.45699 (top), nprism = 1.51509 (middle), 
nprism = 1.84498 (bottom). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 115 
3.13 Connection between internal and external angle of incidence in the ATR-setup, calcu­
lated for a standard 90◦ glass prism for (1) BK7 (nBK7 = 1.515) and (2) high refractive 
index LaSF9 (nLaSF 9 = 1.845). . . . . . . . . . . . . . . . . . . . . . . . . . . 116 
3.14 Measurement of the reﬂected intensity at an interfaces gold/air and gold/water in 
Kretschmann coupling geometry in dependence of the angle of incidence as determined 
by the goniometer reading. The steep decrease in intensity indicates the coupling of 
light intensity to the surface plasmon resonance (SPR) in dependence to the read angle 
of incidence. This angle is determined by the complex dielectric properties of the metal 
layer. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 117 
3.15 Measurement of the reﬂected intensity at an interfaces dielectric waveguide/air and 
dielectric waveguide/water in Kretschmann coupling geometry in dependence of the 
angle of incidence as determined by the goniometer reading. In this technique, light is 
coupled not only to the surface plasmon resonance (SPR) (broad dip at great angles of 
incidence at the right side of the scan) but also to a number of guided modes within 
the dielectric, adlayer in dependence to the read angle of incidence. . . . . . . . . 117 
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3.16 Principle of ATR-kinetic measurement at the trailing edge. The time-depending change 
of the optical density at an interface, causing a change in the resonance condition, 
and, consequently (top, left), a change of the resonance angle, can be detected as 
change in reﬂectivity ΔR at a ﬁxed angle of incidence θk (top, right). In order to obtain 
signiﬁcant results, a linear regime of the tailing edge must be chosen (bottom). . . . 119 
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